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Our  study  sheds  light  to  the  intriguing  interactions  between  the  various  factors 
that  affect  the  performance  of  a manufacturing  system.  Such  factors  include  ma- 
chine characteristics,  workorder  specifications,  machine  layout,  routing  control,  and 
complexity  of  production  management.  The  problems  treated  in  this  dissertation  are 
motivated  from  a variety  of  real  world  problems  arising  from  PCB  assembly,  the  glass 
container  industry,  cable  manufacturing,  furniture  industry,  fire  truck  and  automobile 
assembly , etc. 

We  develop  a two  step  framework  for  the  evaluation  of  flexibility.  In  the  identifica- 
tion step  we  identify  various  modes  of  flexibility.  We  treat  three  such  modes;  dedicated 
machines , processing  flexibility  and  routing  flexibility.  In  the  quantification  step  we 
quantify  the  value  of  flexibility  of  various  process  designs  in  terms  of  manufacturing 

performance  defined  as  machine  utilization  and  throughput  performance. 

vii 


We  first  study  the  hybrid  flowshop  with  minimum  makespan  objective.  This 
flowshop  environment  consists  of  multiple  stages  and  multiple  machines  in  each  stage. 
A task  within  a stage  can  be  processed  by  any  of  the  machines  in  the  stage.  Our 
objective  is  to  schedule  a set  of  n jobs  so  as  to  minimize  makespan. 

Then,  we  address  a scheduling  problem  for  a two  stage  flexible  flowshop  (2FFS) 
environment  with  significant  processing  flexibility  across  stages  and  one  machine  per 
stage.  A job  can  be  either  completely  processed  at  one  of  the  stages  or  its  processing  is 
split  in  a prespecified  fashion  between  stages.  Machines  are  assumed  to  be  equipped 
with  sophisticated  tool  magazines  that  can  perform  one  or  more  operations  of  the 
final  product. 

Finally  we  study  an  assembly  line  design.  The  design  considered  is  called  mixed 
model  transfer  line.  Each  job  spends  a predetermined  production  cycle  of  c periods  in 
each  station  and  this  cycle  is  the  same  for  all  stations.  The  workforce  level  required 
within  each  station  is  such  that  a particular  task  can  be  completed  within  c periods. 
Our  objective  is  to  minimize  the  maximum  number  of  workers  required  over  any 
production  cycle. 
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CHAPTER  1 


INTRODUCTION 
1.1  Motivation  Of  Study 

A little  less  than  10  years  ago,  industry  shifted  towards  design  for  manufacturing. 
This  shift  led  over  50%  of  US  manufacturing  to  utilize  flexible  machines  that  are  able 
to  produce  small  to  medium  batches  of  a variety  of  similar  or  related  products.  This 
way  the  industry  could  readily  respond  to  a more  demanding  customer  cultivated  by 
the  numerous  successes  of  manufacturing  in  the  second  half  of  the  century.  Flexible 
manufacturing  allowed  quick  changes  and  modifications  of  old  products  as  well  as 
smooth  introduction  of  new  products.  This  radically  new  approach  in  manufacturing 
rose  from  a market  that  evolved  so  competitive  that  continuous  product  improvement 
and  research  and  development  became  the  key  to  survival.  The  early  leaders  in  the  de- 
sign for  manufacturing  enjoyed  a competitive  advantage  that  translated  into  pricing. 
The  price  wars  compelled  all  competitors  to  promptly  adapt  to  the  new  production 
and  marketing  conditions. 

Till  this  date,  there  is  a sentiment  that  flexible  manufacturing  is  an  empirical 
science.  A search  in  the  literature  on  this  area  reveals  that  in  flexible  manufacturing 
textbooks  the  major  concern  is  to  expose  the  various  machine  characteristics  rather 
than  analyzing  the  processes  themselves.  As  a result,  production  managers  do  not 
rely  upon  any  guidelines  when  they  design  their  production  process.  Thus,  either 
they  invest  in  capacity  that  they  never  utilize,  or  they  resort  to  processes  that  are 
difficult  to  manage.  In  this  dissertation,  we  address  the  problem  of  identifying  the 

most  appropriate  process  design  for  a particular  environment  of  workorders.  This 
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is  done  by  comparing  a variety  of  flexible  manufacturing  systems  (FMS)  that  are 
currently  employed  in  industry.  Our  study  is  twofold;  first  we  examine  new  and 
existing  algorithms  for  the  management  of  the  various  FMS’s  currently  underway, 
and  second  we  use  these  algorithms  to  identify  the  dominant  FMS  for  some  particular 
scenario  of  workload  characteristics.  Thus,  we  produce  useful  guidelines  for  the  design 
of  manufacturing  processes. 

Our  study  sheds  light  to  the  intriguing  interactions  between  the  various  factors 
that  affect  the  performance  of  a manufacturing  system.  Such  factors  include  ma- 
chine characteristics,  workorder  specifications,  machine  layout,  routing  control,  and 
complexity  of  production  management.  The  problems  treated  in  this  dissertation  are 
motivated  from  a variety  of  real  world  problems  arising  from  PCB  assembly,  the  glass 
container  industry,  cable  manufacturing,  furniture  industry,  fire  truck  and  automobile 
assembly,  etc.  The  manufacturing  environments  considered  have  been  taken  out  of 
the  operations  of  plants  located  in  Florida,  including  the  IBM  plant  in  Boca  Raton 
and  the  Emergency  1 plant  in  Ocala. 

For  our  exposition  we  develop  a framework  for  the  evaluation  of  flexibility.  A brief 
outline  of  this  framework  is  given  next. 

• Identification  step... 

- Identify  various  Modes  of  Flexibility 
— Identify  alternative  process  choices 

• Quantify  the  Value  of  Flexibility 

— In  monetary  terms  (capital  investment;  cost  analysis) 

— Performance  of  various  process  designs 
* Analytical  comparison  of  designs 


* Average  performance  of  designs 
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• Managerial  Guidelines 

— Schedulability  of  various  process  designs 

— Production  environment  characteristics  that  favor  one  design  over  the  other 
— Tradeoff  between  routing  control  structure  and  performance 

This  framework  consists  of  two  major  steps;  namely  the  identification  and  quan- 
tification of  flexibility.  In  the  former  we  identify  the  various  modes  of  flexibility.  We 
treat  three  such  modes;  namely,  dedicated  machines , processing  flexibility  and  rout- 
ing  flexibility.  In  systems  with  processing  flexibility,  the  machines  are  equipped  with 
sophisticated  tool  magazines  that  can  perform  one  ore  more  operations  of  the  final 
product.  Systems  with  routing  flexibility  have  several  machines  in  each  production 
stage  which  prompts  the  intelligent  balancing  of  the  workload  between  the  machines 
of  each  stage. 

In  the  quantification  step  we  quantify  the  value  of  flexibility.  This  can  be  done 
either  in  monetary  terms  or  in  terms  of  performance.  Cost  analysis  techniques  of 
engineering  economy  account  for  the  monetary  aspects  of  FMS’s.  In  this  dissertation 
we  consider  machine  utilization  and  throughput  performance  as  the  major  criteria  for 
the  comparison  of  process  designs. 

Multistage  systems  that  enjoy  processing  flexibility  can  be  found  in  PCB  assem- 
bly,  furniture  industry,  etc.  For  such  systems  we  develop  a fast  dynamic  programming 
algorithm  as  well  as  a tight  lower  bound  on  the  optimal  makespan  performance.  Also, 
we  develop  heuristic  solutions  and  prove  that  their  worst  case  performance  is  very 
good.  An  extensive  computational  experiment  accompanies  our  algorithms.  From 
this  experiment  we  find  out  that  the  extra  investment  required  for  acquiring  process- 
ing flexibility  yields  substantial  performance  benefits  when  the  relative  ratio  of  the 
workload  of  adjacent  stages  is  either  less  than  0.8  or  greater  than  1.2.  For  balanced 
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workloads  between  stages  processing  flexibility  is  economically  unjustified.  Effec- 
tively, this  becomes  our  first  managerial  guideline  for  process  choice  decisions.  Even 
more  surprising  is  our  finding  that  for  two-stage  production,  treating  the  flexible  ma- 
chines in  a parallel  fashion  yields  makespan  performance  which  is  very  close  to  that 
where  the  flexible  machines  are  assigned  to  different  stages.  The  significance  of  this 
finding  is  that  in  a parallel  layout  we  only  need  to  allocate  jobs  to  machines  while  in  a 
staged  layout  we  need  both  allocation  of  jobs  to  machines  and  scheduling  of  machines. 

A popular  class  of  multistage  systems  that  enjoy  routing  flexibility  is  the  class  of 
hybrid  flowshops.  We  found  applications  of  such  systems  in  the  IBM  plant  in  Boca 
Raton,  FL,  and  in  glass  container  industry  and  cable  manufacturing.  For  two-stage 
production,  several  algorithms  have  been  developed  for  hybrid  flowshops  over  the 
last  20  years.  We  develop  new  heuristics  that  are  shown  to  be  superior  to  all  existing 
algorithms  in  worst  case  as  well  as  in  average  performance.  In  addition  we  develop  the 
first  algorithm  for  the  general  problem  with  more  than  2 stages  and  evaluate  its  worst 
case  performance.  Using  these  algorithms  we  come  up  with  several  guidelines  that  are 
far  from  intuitive.  For  example,  for  balanced  workloads  investing  on  sophisticated  tool 
magazines  is  far  more  profitable  than  investing  on  an  additional  machine.  We  also  find 
the  threshold  workload  ratios  that  make  profitable  the  investment  on  new  equipment. 
We  summarize  our  results  into  a new  concept  called  design  for  schedulability.  This 
states  that: 

managers  should  balance  the  benefits  of  flexibility  with  ease  of  schedulability. 

We  draw  an  analogue  of  the  flexibility  and  schedulability  aspects  of  a production 
system  with  the  hardware  and  software  aspects  of  a computer  system. 

The  above  study  applies  when  the  resources  of  the  manufacturing  environment  are 
machines.  In  labor  intensive  assembly  lines  where  machines  are  replaced  by  humans, 
operations  are  subject  to  completely  different  assumptions  for  the  coordination  of 
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production  and  worker  movement.  The  mixed  model  transfer  line  is  such  a labor 
intensive  assembly  environment  which  is  motivated  by  the  fire  truck  manufacturer 
in  Ocala,  FL,  and  the  automobile  assembly.  In  transfer  lines  we  assume  a common 
production  cycle  for  all  stations  and  synchronous  worker  movement.  We  compare  our 
transfer  line  with  the  traditional  mixed  model  assembly  line  that  has  been  studied 
extensively  in  the  literature.  We  find  that  the  mixed  model  transfer  line  has  great 
advantages  regarding  work  in  process  inventories,  decentralized  control  of  manpower 
and  process  design.  Based  on  integer  programming  and  graph  theory  techniques,  we 
develop  several  algorithms  for  minimizing  the  number  of  workers  needed  to  operate 
transfer  lines. 

1.2  Operating  Environments 

In  this  thesis  we  consider  manufacturing  environments  that  are  described  by  sin- 
gle machines,  multistage  flowshops  and  assembly  line  environments.  Each  of  these 
environments  is  described  in  detail. 

1.2.1  The  Single  Machine  Model 

The  single  machine  model  is  the  simplest  and  the  best  understood  model.  A 
set  of  n jobs  are  to  be  processed  on  a single  machine  or  manufacturing  facility.  The 
investigation  of  various  solution  procedures  and  the  consequences  of  selecting  different 
measures  of  performance  is  easily  demonstrated  through  this  model.  It  can  be  treated 
as  a building  block  for  a complex  model  and  through  it  the  concepts  of  scheduling 
theory  are  better  understood.  From  the  practical  point  of  view,  there  are  actually 
some  situations  adequately  represented  by  this  model.  For  example,  in  the  chemical 
industry,  an  entire  plant  can  be  treated  as  an  integrated  procedure  that  processes  one 
product  at  a time,  but  many  different  products  in  sequence.  Also,  there  are  cases 
where  there  is  a bottleneck  machine  in  a large  and  complex  shop  where  each  job 
could  consist  of  many  different  tasks  and  each  task  must  be  processed  by  a particular 
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machine.  According  to  the  shifting  bottleneck  concept,  the  whole  shop  is  scheduled  as 
if  the  other  machines  do  not  exist.  The  single  machine  model  treated  in  this  proposal 
features  the  following  assumptions: 

• A set  of  n independent  jobs  are  available  at  time  0.  Each  job  requires  a single 
operation. 

• The  machine  is  continuously  functioning  until  all  jobs  are  completed.  The 
machine  is  never  kept  idle. 

• Either  no  setup  time  is  required  for  each  job  or  the  setup  times  are  sequence 
independent  and  thus  can  be  included  in  each  job’s  processing  time. 

• The  machine  cannot  process  more  than  one  job  at  a time.  Once  a job  starts  on 
the  machine,  it  cannot  be  interrupted  until  its  completion. 

Each  job  j is  specified  by  two  attributes:  The  processing  time  pj  and  the  due 
date  dj.  The  processing  time  of  a job  is  the  duration  of  time  that  job  j will  occupy 
the  machine.  The  due  date  is  the  time  at  which  job  j is  supposed  to  be  completed. 
Both  of  these  characteristics  are  considered  to  be  known  deterministically  (usually 
specified  by  an  external  agency). 

1.2.2  The  Two-Stage  Hybrid  Flowshop  Model 

A set  J of  n jobs  is  given  and  every  job  J,  consists  of  two  tasks,  namely  (i,  1) 
and  (i,  2)  with  processing  time  requirements  p,  i and  2 respectively.  All  jobs  are 
assumed  to  be  available  at  time  zero  and  no  preemption  is  allowed  for  the  tasks.  The 
shop  consists  of  two  machines.  The  tasks  ( i , 1)  must  be  processed  at  stage  1 and  the 
tasks  (?,  2)  must  be  processed  at  stage  2.  The  following  assumption  are  made: 

• No  task  is  processed  by  more  than  one  machine  at  any  time. 

• No  machine  processes  more  than  one  job  at  any  time. 
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1.2.3  The  Multi-Stage  Hybrid  Flowshop  Model 

This  operating  environment  consists  of  several  stages.  Each  job  has  processing 
time  requirements  that  are  given  as  vectors  where  the  k- th  index  corresponds  to  the 
requirements  of  the  job  on  the  A:-th  stage.  The  operating  assumptions  made  for  this 
model  are  identical  to  the  assumptions  of  the  two-stage  flowshop  model. 

Note  that  this  production  environment  includes  as  a special  case  many  other 
environments  that  have  been  studied  extensively.  The  hybrid  flowshop  with  a single 
stage  is  the  well  known  parallel  identical  machine  environment.  The  &-stage  hybrid 
flowshop  environment  with  one  machine  per  stage  is  the  well  known  A:-stage  traditional 
flowshop.  Therefore,  a study  of  the  general  hybrid  flowshop  environment  can  be  seen 
as  an  extension  over  the  studies  that  have  taken  place  over  the  last  50  years  for 
environments  such  as  the  parallel  identical  machines  and  the  traditional  flowshops. 

1.2.4  The  Two-Stage  Flexible  Flowshop  Model 

The  two  stage  flexible  flowshop  (2FFS)  environment  has  significant  processing 
flexibility  across  stages.  A job  can  be  either  completely  processed  at  one  of  the  stages 
or  its  processing  is  split  in  a prespecified  fashion  between  stages.  For  the  latter  case, 
the  routing  is  in  only  one  direction,  from  the  ‘upstream’  stage  to  the  ‘downstream’ 
stage.  We  present  a pseudopolynomial  dynamic  programming  algorithm  for  the  solu- 
tion of  the  problem.  The  2FFS  can  be  thought  as  a generalization  of  the  two  machine 
flowshop  (2FS)  and  the  two  parallel  identical  machine  (2P)  environments. 

1.2.5  The  Two-Stage  Flexible  Jobshop  Model 

d he  two  stage  flexible  jobshop  (2FJS)  environment  has  significant  processing  flex- 
ibility across  stages  as  is  the  case  with  2FFS.  The  only  difference  in  the  two  environ- 
ments is  that  2FJS  operates  as  a jobshop,  i.e.  it  offers  the  option  to  schedule  the  first 
task  on  the  ‘downstream’  machine  with  subsequent  processing  of  the  second  task  on 
the  ‘upstream’  machine.  Our  objective  in  this  model  is  to  minimize  makespan. 
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1.2.6  The  Assembly  Line  Model 

We  consider  an  assembly  line  consisting  of  m stations.  A set  of  jobs  all  available 
at  time  zero  is  given.  Each  job  i consists  of  m tasks  with  processing  time  require- 
ments pn,pi2, . . . , Pim  on  stations  1, 2, . . . , m respectively.  The  first  task  needs  to  be 
processed  on  station  1 for  pn  periods  immediately  followed  by  the  second  task  which 
needs  pi2  periods  for  processing  on  station  2 and  so  on  until  the  m-th  task  is  processed 
on  the  m-th  station  following  the  completion  of  the  (m  — l)-th  task.  We  assume  that 
no  job  is  processed  by  more  than  one  station  and  no  station  processes  more  than  one 
task  at  any  time.  Also  we  require  that  the  sequence  of  jobs  is  identical  for  all  the 
stations.  Although  the  problem  is  casted  as  an  assembly  line,  it  can  represent  large 
plants  consisting  of  many  facilities  arranged  in  a line.  Each  facility  can  be  considered 
as  an  integrated  station. 

1.3  Outline 

In  Chapter  1 we  define  the  various  production  environments  and  outline  the  rest 
of  the  thesis. 

In  Chapter  2 we  study  process  choice  decision  making  problems.  We  define  two 
two-stage  flowshop  designs  which  possess  routing  flexibility.  Namely,  we  study  the 
look-ahead  and  look-behind  flowshops  with  minimum  makespan  objective.  For  the 
problem  to  maximize  throughput  for  these  designs,  we  develop  fast  heuristics  with 
worst  case  error  bound  of  2 — Lower  bounds  for  the  optimal  makespan  value  are 
used  to  show  that  the  average  relative  optimality  gap  of  the  heuristics  is  negligible. 
We  compare  the  performance  of  our  two  designs  with  other  known  two  stage  flow- 
shop  designs  with  one  or  two  machines  in  each  stage.  It  is  shown  that  the  mode  of 
flexibility  possessed  by  a design  has  implications  on  the  schedulability  of  the  produc- 
tion system.  This  gives  rise  to  the  concept  of  design  for  schedulability  according  to 
which  a production  process  should  be  a perfect  balance  between  flexibility  and  ease 
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of  schedulability. 

In  Chapter  3 we  study  the  two-stage  hybrid  flowshop  with  minimum  makespan 
objective.  This  flowshop  environment  that  consists  of  multiple  stages  and  multiple 
machines  in  each  stage.  These  flowshops  are  flexible  in  the  sense  that  a task  within 
a stage  can  be  processed  by  any  of  the  machines  in  the  stage.  We  refer  to  this  design 
as  the  hybrid  flowshop.  Our  objective  is  to  schedule  a set  of  n jobs  so  as  to  minimize 
makespan.  The  problem  is  W'P-complete  even  in  the  case  of  a single  stage. 

We  develop  a heuristic  H for  the  two-stage  hybrid  flowshop  that  has  complexity 
0(n  log  n ) (where  n is  the  number  of  jobs)  and  error  bound  of  2 — ^ (where 

rrii  is  the  number  of  machines  at  stage  i,  i = 1,2).  This  bound  extends  a the  bound 
developed  in  Chapter  2 for  the  case  mj  = 1,  m2  = m and  significantly  improves  all 
other  results  that  have  been  developed  for  some  special  cases  of  the  two-stage  hybrid 
flowshop.  We  develop  a new  lower  bound  which  is  used  in  a computational  experi- 
ment to  show  that  the  relative  gap  of  H from  optimality  is  small.  We  extend  H to 
the  case  of  more  than  two  stages.  We  perform  error  bound  analysis  on  the  resulting 
heuristic  II'  whose  complexity  is  0(kn  log  n)  (where  k is  the  number  of  stages).  This 
is  the  first  error  bound  analysis  for  the  general  hybrid  flowshop  problem  and  extends 
the  current  best  error  bound  for  the  traditional  k machine  flowshop  problem. 

In  Chapter  4 we  address  a scheduling  problem  for  a two-stage  flexible  flowshop 
(2FFS)  environment  with  significant  processing  flexibility  across  stages  and  one  ma- 
chine per  stage.  A job  can  be  either  completely  processed  at  one  of  the  stages  or  its 
processing  is  split  in  a prespecified  fashion  between  stages.  For  the  latter  case,  the 
routing  is  in  only  one  direction,  from  the  ‘upstream’  stage  to  the  ‘downstream’  stage. 
We  present  a pseudopolynomial  dynamic  programming  algorithm  for  the  solution  of 
the  problem.  Since  the  2FFS  can  be  thought  of  as  a generalization  of  the  two  machine 
flowshop  (2FS)  and  the  two  parallel  identical  machine  (2P)  environments,  we  adapt 
algorithms  for  these  problems  as  heuristics  for  the  2FFS  and  prove  their  worst  case 
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error  bound.  A computational  study  is  performed  that  compares  the  throughput  per- 
formance of  the  2FFS,  2FS  and  2P  environments,  thus  providing  useful  managerial 
guidelines  for  process  choice  decisions  among  the  previously  mentioned  production 
processes. 

In  Chapter  5 we  address  a flexible  jobshop  scheduling  problem,  in  order  to  exploit 
the  benefits  of  the  more  complicated  routing  control  structure  of  the  flexible  jobshop 
over  the  flexible  flowshop  considered  in  Chapter  4.  We  study  a two-stage  flexible 
jobshop  design  and  compare  its  worst  case  and  average  performance  against  other 
two-stage  flexible  and  non-flexible  flow  and  jobshop  designs.  Depending  on  the  work- 
load scenario,  some  designs  are  more  appropriate  than  others.  The  complexity  of  an 
optimal  solution  is  design  specific.  This  reveals  another  justification  for  the  concept 
of  ‘Design  For  Schedulability’. 

In  Chapter  6 we  study  process  choice  decision  on  assembly  line  environments. 
Cellular  layouts  are  formed  by  arranging  several  production  cells  in  series.  Group 
technology  and  cellular  layouts  can  be  combined  to  produce  families  of  parts  more 
economically  than  traditional  process  and  product  layouts.  The  advantages  of  cellular 
layouts  are  numerous  including  simplified  manpower  planning.  We  address  this  prob- 
lem for  cells  having  a common  production  cycle.  Each  cell  is  referred  to  as  station. 
We  refer  to  the  design  that  we  consider  as  mixed  model  transfer  line  and  we  show  how 
this  design  differs  from  the  traditional  mixed  model  assembly  line.  After  defining  the 
problem,  we  present  a polynomial  optimal  algorithm  for  the  2-station  line.  The  case 
of  3 stations  is  proved  to  be  strongly  ACF-complete.  Several  algorithms  that  produce 
upper  and  lower  bounds  are  developed  for  the  general  problem.  The  worst  case  error 
bound  as  well  as  average  performance  of  these  algorithms  is  reported.  Computational 
results  show  that  some  of  the  heuristics  generate  near  optimal  solutions.  Two  exten- 
sions of  the  basic  model  are  considered.  The  first,  exploits  the  trade-off  between  cycle 
time  and  manpower  level.  The  second,  solves  the  problem  to  minimize  the  number 
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of  utility  workers,  i.e.  workers  that  are  trained  to  work  in  all  stations. 

In  Chapter  7 we  conclude  this  thesis  with  suggestions  on  future  research  directions. 


CHAPTER  2 


DESIGN  FOR  SCHEDULABILITY:  FLEXIBLE  LOOK-BEHIND  AND 
LOOK-AHEAD  FLOWSHOPS 

2.1  Introduction 

In  this  chapter  we  introduce  two  2-stage  flowshop  environments  with  significant 
flexibility  within  a stage.  In  the  first  design,  which  we  refer  to  as  look-behind  flowshop 
( LBFS ),  the  first  stage  consists  of  m parallel  identical  machines  while  the  second  stage 
consists  of  one  machine  only  (see  Figure  2.1a).  The  second  design,  which  we  refer  to  as 
look-ahead  flowshop  ( LAFS ),  is  symmetric  to  the  LBFS  since  the  first  stage  consists  of 
a single  machine  while  the  second  stage  consists  of  m parallel  identical  machines  (see 
Figure  2.1b).  As  we  will  explain  later,  the  LBFS  possesses  look-behind  scheduling 
characteristics  while  the  LAFS  possesses  look-ahead  scheduling  characteristics. 

The  job  set  is  assumed  to  consist  of  two  tasks;  one  of  which  must  be  processed 
at  stage  1 before  the  second  task  is  processed  at  stage  2.  Jobs  entering  the  first 
stage  of  LBFS,  are  free  to  be  allocated  on  any  of  the  first  stage  machines  and  upon 
completion  they  have  to  be  processed  by  the  only  machine  of  stage  2.  Similarly,  jobs 
must  be  processed  at  stage  1 of  LAFS  before  they  advance  to  any  of  the  stage  2 
machines.  Evidently,  LBFS  possesses  significant  routing  flexibility  in  stage  1,  while 
LAFS  possesses  routing  flexibility  at  stage  2. 

Several  modes  of  flexibility  have  appeared  in  the  today’s  competitive  manufactur- 
ing environment.  To  compare  the  advantages  and  disadvantages  of  different  modes 
of  flexibility,  we  consider  three  designs  (in  addition  to  LBFS,  LAFS)  representing 
these  modes.  The  first  design  is  the  traditional  flowshop  (see  Baker,  1974)  depicted 
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a:  LBFS 


c:  FS 


e:  LAJS 


LBFS  Look- Behind  Flowshop 
LAFS  Look-Ahead  Flowshop 

FS  The  Traditional  2-machine  Flowshop 
LBJS  Look-Behind  Job  Shop 
LAJS  Look-Ahead  Job  Shop 
2FFS  The  2-stage  Flexible  Flowshop 


b:  LAFS 


d:  LBJS 


mi 


m2 


Figure  2.1.  Alternative  Two-Stage  Flowshop  Designs. 
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in  Figure  2.1c,  which  we  simply  refer  to  as  FS.  Unlike  LBFS,  LAFS,  the  FS  envi- 
ronment possesses  no  routing  flexibility  but  serves  as  a benchmark  for  measuring  the 
performance  benefits  incurred  by  adding  extra  machines  at  the  multistation  stage  of 
LBFS  or  LAFS.  Production  environments  where  the  FS  design  is  implemented,  often 
realize  unbalanced  workloads  in  the  two  stages.  In  the  event  that  the  management 
wants  to  speed-up  production,  the  purchase  of  an  extra  machine  becomes  an  appeal- 
ing  option,  in  order  to  alleviate  the  overloaded  stage.  Then,  the  question  arises  to 
find  the  threshold  workload  ratio  for  which  the  cost  of  the  extra  machine  justifies  the 
performance  benefits  over  the  existing  FS  design.  This  motivates  the  performance 
comparison  of  FS  versus  LBFS  and  LAFS. 

The  second  design  considered  is  a job  shop  with  m machines  in  the  first  stage  and 
one  machine  at  the  second,  as  in  Figure  2. Id.  In  this  design,  which  we  refer  to  as 
look-behind  job  shop  ( LBJS ),  the  route  of  each  job  is  predetermined.  Later,  we  justify 
that  indeed  LBJS  possesses  look-behind  characteristics.  This  design  treats  the  first 
stage  machines  in  a dedicated  fashion  and  thus  does  not  allow  for  routing  flexibility. 
Symmetrically  defined  is  the  look-ahead  job  shop  ( LAJS)  (see  Figure  2.1e).  The  LBJS 
and  LAJS  designs  are  the  means  to  investigate  the  benefits  realized  by  the  routing 
flexibility  of  LBFS  and  LAFS  respectively. 

The  third  design  considered  in  this  chapter,  is  known  as  the  2-stage  flexible  flow- 
shop  abbreviated  by  2FFS  (see  Figure  2. If).  The  2FFS  environment  consists  of  two 
flexible  machines  only,  one  in  each  of  the  two  stages.  A job  can  be  either  completely 
processed  in  one  of  the  stages  or  the  first  task  is  processed  by  the  ‘upstream’  stage 
and  the  second  task  is  processed  by  the  ‘downstream’  stage  (see  Figure  2. If),  thus 
preserving  the  flowshop  structure.  Evidently,  2FFS  possesses  both  routing  and  pro- 
cessing flexibility.  This  design  allows  us  to  investigate  the  additional  benefits  provided 
by  the  processing  flexibility  mode.  For  all  the  designs  as  well  as  for  LBFS  and  LAFS, 
we  assume  the  presence  of  adequate  storage  space  between  the  two  stages. 
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The  designs  just  described  are  frequently  encountered  in  flexible  manufacturing 
systems  (FMS)  (see  Maleki,  1991  for  detailed  description  of  FMS’s),  where  each 
production  stage  might  be  either  a flexible  machine  or  a flexible  manufacturing  cell. 
Flexible  machines  are  equipped  with  tool  magazines  that  can  accommodate  up  to 
160  different  tools.  Depending  on  the  number  and  variety  of  tools  on  its  magazine,  a 
machine  is  able  to  perform  a number  of  different  operations  required  by  a particular 
job.  The  case  of  relatively  inflexible  machines  is  modeled  in  a job  shop  environment 
where  every  job  has  to  follow  a particular  routing  of  machines  due  to  the  incapability 
of  other  machines  to  perform  operations  on  the  job.  We  capture  this  case  in  the  LBJS 
and  LAJS  designs. 

In  case  that  the  tool  magazine  of  the  first  stage  machines  can  carry  a great  number 
of  tools,  the  first  operation  of  a job  can  be  processed  by  either  of  the  first  stage 
machines.  Then,  the  production  system  enjoys  flexibility  within  the  first  stage.  We 
capture  this  situation  in  the  LBFS  design.  The  symmetric  case  where  stage  2 machines 
are  equipped  with  sophisticated  tool  magazines  is  captured  in  the  LAFS  design. 

In  addition  to  stage  flexibility,  a system  can  possess  processing  time  flexibility  as  in 
the  case  of  2FFS.  Machines  allowing  for  processing  flexibility  are  accurately  depicted 
in  the  flexible  flowshop  description  as  the  operations  of  a job  could  be  performed  by 
either  of  the  two  machines  or  the  operations  of  the  job  could  be  split  between  the  two 
machines. 

Flexible  manufacturing  cells  (see  Luggen,  1991)  consist  of  a set  of  flexible  ma- 
chines, able  to  perform  a variety  of  operations.  Each  of  the  manufacturing  cells  is 
a multistation  line.  For  an  environment  with  two  flexible  manufacturing  cells,  the 
LBFS  problem  amounts  to  allocating  the  set  of  jobs  to  the  various  lines  of  the  up- 
stream cell,  in  such  a way  that  the  total  idle  time  incurred  by  the  downstream  cell  is 
minimized.  Such  a requirement  optimizes  the  throughput  performance  as  well  as  the 
machine  utilization  of  the  production  system.  Similarly,  the  LAFS  problem  amounts 
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to  allocating  stage  2 tasks  so  that  the  idle  time  plus  the  workload  of  any  of  the  stage 
2 machines,  is  minimized. 

The  LBFS  production  environment  considered  in  this  chapter  is  a classical  case 
of  look-behind  scheduling , since  the  optimal  performance  of  the  system  depends  upon 
eliminating  idle  time  from  the  downstream  stage,  or  equivalently  scheduling  the  first 
stage  operations  so  that  the  downstream  stage  does  not  starve.  By  symmetry,  the 
LAFS  is  an  environment  with  look-ahead  scheduling  characteristics.  For  more  look- 
behind  and  look-ahead  scheduling  problems  see  Morton,  1992. 

The  study  of  scheduling  problems  in  flexible  manufacturing  systems  has  attracted 
significant  attention  in  recent  years  including  Afentakis  (1986),  Erschler  et  al.  (1985), 
Ghosh  and  Gaimon  (1992),  Herrmann  and  Lee  (1992),  Langston  (1987),  Lee  and  Her- 
rmann (1993),  Shanker  and  Tzen  (1985),  Shriskandarajah  and  Ladet  (1986),  Shriskan- 
darajah  and  Sethi  (1989),  Stecke  (1985,  1992)  and  Wittrock  (1988),  due  to  the  im- 
portance of  such  systems  for  small-to-medium  batch  manufacturing. 

The  LBJS  and  LAJS  designs  have  been  studied  by  Lee  and  Herrmann  (1993)  and 
Herrmann  and  Lee  (1992)  who  were  motivated  by  problems  in  semiconductor  test- 
ing operations.  The  2FFS  design  has  been  studied  by  Kouvelis  and  Vairaktarakis 
(1993)  who  analyzed  the  impact  of  processing  flexibility  in  flowshop  production  en- 
vironments. The  LAFS  and  LBFS  problems  have  been  considered  before.  Arthanary 
and  Ramaswamy  (1971)  developed  a branch  and  bound  algorithm  for  the  LBFS  prob- 
lem which  can  handle  efficiently  problem  sizes  of  10  or  less  jobs.  Several  heuristic 
algorithms  without  worst  case  error  bound  analysis  have  been  developed  by  Gupta 
(1988),  Gupta  and  Tunc  (1991),  Rao  (1970)  and  others.  The  evaluation  of  these 
heuristics  is  made  by  establishing  a lower  bound  and  then  computing  the  average  rel- 
ative gap  of  the  heuristic  solution  from  the  lower  bound.  However,  the  lower  bounds 
that  have  been  developed  for  LBFS  and  LAFS  are  trivial  and  very  often  loose.  To 
the  best  of  our  knowledge,  the  only  effort  for  worst  case  error  bound  analysis  is  made 
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by  Shriskandarajah  and  Sethi  (1989)  for  the  LAFS  problem.  However,  the  bounds 
obtained  are  big  (in  the  neighborhood  of  300%)  thus  indicating  that  the  LBFS  and 
LAFS  problems  are  very  difficult. 

We  conclude  that  the  LBFS  and  LAFS  systems  have  long  but  relatively  unsuc- 
cessful precedence  in  the  literature.  In  this  chapter  we  develop  new  lower  bounds 
and  heuristics  for  LBFS  and  LAFS.  We  show  that  our  heuristics  have  near  optimal 
average  performance  and  that  their  worst  case  error  bound  is  small.  We  use  these 
heuristics  for  performance  comparisons  of  the  various  designs  treated  in  this  chap- 
ter. These  comparisons  are  motivated  by  eminent  managerial  dilemmas  regarding  the 
value  of  flexibility,  as  described  earlier.  Our  motivation  for  this  chapter  is  primarily 
the  comparison  of  the  various  flexible  designs  of  Figure  2.1  and  secondarily  the  study 
of  the  LBFS  and  LAFS  problems. 

Ihis  chapter  consists  of  two  parts.  The  first  part  which  consists  of  Sections  2.2, 
2.3  focuses  on  the  LBFS  and  LAFS  problems.  In  particular,  in  Section  2.2  we  in- 
troduce the  designs  LBFS  and  LAFS  and  in  Section  2.3  we  present  fast  heuristic 
algorithms  with  very  good  worst  case  performance.  In  addition,  we  establish  lower 
bounds  which  we  use  in  a computational  experiment  to  report  the  average  relative 
gap  of  the  heuristic  solutions  from  the  lower  bound. 

The  second  part  of  the  chapter  exploits  the  benefits  incurred  by  the  various  modes 
of  flexibility.  In  particular,  in  2.4.1  we  find  the  range  of  the  performance  ratios  of  the 
design  LBFS  (LAFS)  versus  FS,  LBJS  (LAJS)  and  2FFS.  These  theoretical  results 
suggest  that  the  various  designs  behave  differently  under  a variety  of  environment 
characteristics.  Thus,  in  2.4.2  we  perform  an  experiment  that  finds  the  average  perfor- 
mance of  each  design  under  different  job  characteristics.  In  light  of  these  comparisons, 
for  balanced  workloads  investing  in  tool  magazines  is  more  beneficial  than  investing 
in  additional  equipment.  Also,  it  is  shown  that  the  mode  of  flexibility  possessed  by 
a design  has  implications  on  the  schedulability  of  the  production  system.  This  gives 
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rise  to  the  concept  of  design  for  schedulability  according  to  which  a production  pro- 
cess should  be  a perfect  balance  between  flexibility  and  ease  of  schedulability.  We 
summarize  our  results  with  a set  of  guidelines  useful  to  a manager  who  makes  process 
choice  decisions,  in  Section  2.5.  In  section  2.6  we  give  an  analog  of  the  flexibility  and 
schedulability  of  production  systems.  We  conclude  this  chapter  in  Section  2.7. 

2.2  The  Flexible  LBFS  and  LAFS  Designs 

Let  J be  a set  of  n jobs.  A job  j,  G J consists  of  two  tasks;  namely  (i,  1)  and  ( i , 2) 
with  corresponding  processing  time  requirements  pn  and  p,-2-  We  define  a 2-stage 
flexible  flowshop  environment  to  process  the  job  set  J as  follows:  The  first  stage  con- 
sists of  m parallel  identical  machines  raj,  7?r2, . . . , mm,  each  of  which  can  process  task 
(j,  1)  only.  The  first  stage  task  of  j,  can  be  processed  by  either  of  the  m first  stage 
machines.  The  second  station  consists  of  a single  machine  that  must  process  all  the 
second  stage  tasks  (*,  2)  and  therefore  there  is  no  routing  choice  for  the  (i,  2)  tasks  of 
J (see  Figure  2.1a).  Due  to  the  flowshop  constraint,  the  sequence  of  jobs  on  the  first 
stage  must  be  identical  to  the  sequence  of  jobs  in  the  second  stage.  We  refer  to  this 
flowshop  problem  as  LBFS  because  it  is  a flowshop  with  look-behind  characteristics. 
A symmetric  production  environment  consisting  of  a single  machine  in  stage  1 and  m 
parallel  identical  machines  at  stage  2 is  called  LAFS  because  it  is  a flowshop  design 
with  look-ahead  characteristics  (see  Figure  2.1b). 

The  LBFS  and  LAFS  configurations  are  very  common  subsystems  of  many  sec- 
tors in  industry.  Examples  of  applications  include  semiconductor  manufacturing  (see 
Herrmann  and  Lee,  1992;  Lee  and  Herrmann,  1993),  glass  container  industry  (see 
Paul,  1979),  cable  manufacturing  (see  Narasimhan  and  Panwalker,  1984)  and  others. 
The  LBFS  and  LAFS  designs  are  a generalization  of  the  m parallel  identical  machines 
environment  ( mP ) where  it  is  assumed  that  pl2  = 0 for  every  j,  € J in  LBFS  and 
Pi i = 0 for  every  j,-  G J in  LAFS.  The  mP  environment  has  been  well  studied  over  the 
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last  25  years  by  several  researchers.  A review  including  most  results  in  this  area  is 
given  by  Cheng  and  Sin  (1990).  Garey  and  Johnson  (1979)  have  shown  that  minimiz- 
ing makespan  in  the  mP  environment  is  ATP-complete.  Since  the  mP  environment 
is  a special  case  of  LBFS  and  LAFS,  minimizing  makespan  in  these  environments  is 
Af ^-complete  as  well.  This  observation  directs  our  attention  to  heuristic  algorithms. 
This  is  the  focus  of  the  next  section. 

2.3  Heuristic  Algorithms  for  LBFS  and  LAFS 

In  this  section,  we  focus  our  discussion  to  the  LBFS  design.  All  theory  developed, 
however,  is  easily  extendable  to  the  LAFS  design.  Therefore,  we  only  provide  formal 
proofs  for  the  LBFS  case  and  summarize  the  corresponding  results  for  the  LAFS. 

Since  the  LBFS  design  is  a hybrid  between  the  mP  environment  and  the  traditional 
two  machine  flowshop  FS,  we  are  motivated  to  develop  heuristic  algorithms  that  are 
in  a certain  sense  hybrids  of  existing  good  algorithms  for  these  two  environments. 
Minimizing  the  makespan  in  FS  is  solved  in  O(nlogn)  time  by  Johnson’s  algorithm 
which  we  refer  to  as  JA  (see  Johnson,  1954).  The  JA  algorithm  follows  immediately 
from  the  rule:  Job  ji  precedes  job  jj  if  min  {p,i , pj2  } < min{pji , p,2 } . 

The  generic  form  of  heuristic  algorithms  for  the  mP  environment  (also  known 
as  list  scheduling  heuristics)  that  are  proved  to  have  very  good  performance  (see 
Graham,  1966)  is  given  next. 

List  Scheduling  Heuristic  for  mP: 

1.  Let  S be  an  order  of  jobs  in  J . 

2.  Pick  the  job  at  the  top  of  the  list  S and  load  it  to  the  first  available  machine. 

3.  If  S is  empty  stop,  else  goto  Step  2. 

According  to  the  first  available  machine  rule  (F/lAf),  the  job  to  be  scheduled  next 
in  the  mP  environment,  is  assigned  to  the  first  machine  that  becomes  available,  i.e., 
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the  machine  that  finishes  first  the  job  (if  any)  previously  assigned  to  it.  Depending  on 
the  order  S,  the  above  heuristic  produces  different  solutions.  Thus,  a first  question  in 
the  quest  for  heuristic  solutions  for  LBFS  and  LAFS  is  to  evaluate  the  performance  of 
list  scheduling  heuristics.  Towards  this  end,  Shriskandarajah  and  Sethi  (1989)  showed 
that  if  S is  an  arbitrary  list  of  jobs,  then  a list  scheduling  heuristic  based  on  the  FAM 
rule  has  worst  case  error  bound  of  3 — ^ for  the  LBFS  problem.  It  is  easy  to  extend 
this  heuristic  for  the  LAFS  problem  and  still  obtain  the  bound  of  3 — In  light 
of  these  results,  we  are  interested  in  finding  heuristics  that  have  better  worst  case 
performance.  The  following  heuristic  uses  the  Johnson’s  order  in  conjunction  with 
the  FAM  rule. 

Heuristic  Hp. 

1.  Apply  JA  with  respect  to  the  processing  times  { ( , P«2 ) : * = 1,2,  ...,n}. 

Let  S be  the  resulting  sequence. 

2.  Pick  the  first  job  in  S and  load  it  to  the  first  available  machine  at  station  1. 

Repeat  Step  2 until  all  jobs  in  S are  scheduled. 

3.  Schedule  jobs  in  M2  according  to  sequence  S. 

At  Step  1 of  Hi  a sequence  S of  jobs  is  produced,  at  Step  2 an  assignment  of 
(*,  1)  tasks  on  the  first  stage  machines  is  made  and  at  Step  3 idle  time  is  inserted 
appropriately  so  that  the  jobs  in  M2  are  scheduled  according  to  sequence  S as  soon 
as  possible  without  violating  the  flowshop  constraints.  Since  JA  requires  O(nlogn) 
time,  this  is  also  the  computational  effort  required  by  Hi. 

The  next  lemma  will  be  used  to  find  the  error  bound  of  Hi.  For  this  lemma  we  in- 
troduce the  following  auxiliary  problem.  Replace  the  first  stage  machines  mi,  m2, . . . , 
Wm  by  a dummy  machine  Mi  and  replace  the  processing  time  requirement  of  pn  units 
on  one  of  m1?  m2, . . . , mm  by  the  requirement  of  ^pn  units  on  M\.  No  change  is  made 
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in  the  processing  time  requirements  of  (i,  2)  tasks.  This  way  we  define  an  auxiliary 
2-machine  flowshop  problem  on  Mi,  M2.  We  will  refer  to  this  problem  as  AFS. 

Lemma  1 Let  Cafs  be  the  completion  time  found  by  JA  for  the  auxiliary  problem. 
Then,  Cafs  < Clbfs- 

Proof.  Let  S * be  an  optimal  sequence  for  LBFS  (of  course  the  processing  times  for 
this  problem  are  (pJ?i , p»\2 ) ) - Let  S — {ji, . . . ,jn}  be  the  set  of  jobs  ordered  according 
to  the  nondecreasing  order  of  completion  times  of  the  tasks  (i,  1)  on  the  first  stage 
machines.  Then,  ty  = and  tx  <t2  < ...  <tn. 

Consider  the  auxiliary  2-machine  flowshop  problem  defined  earlier.  Schedule  the 
jobs  in  AFS  according  to  sequence  S.  Then,  for  every  1 < i < n,  t,  > T Y^\=l  Pk\  be- 
cause all  of  the  tasks  (1, 1), . . . , (i,  1)  are  completed  by  t,  in  the  schedule  S*  for  LBFS. 
Thus,  every  (i,  1)  task  of  AFS  finishes  no  later  than  it  does  on  LBFS.  Equivalently, 
due  to  the  flowshop  constraints,  the  idle  time  preceding  task  (z,  2)  in  LBFS  is  at  least 
as  much  as  the  idle  time  preceding  (i,  2)  in  AFS. 

Hence,  if  Cs  is  the  makespan  of  sequence  S for  the  AFS  problem,  we  have 
Cs  < Clbfs ■ However,  the  sequence  S is  not  necessarily  optimal  for  the  AFS  prob- 
lem and  hence  Cafs  < Cs-  The  last  two  inequalities  show  that  Cafs  < Clbfs ■ This 
completes  the  proof  of  the  lemma.  □ 

Let  Ch1  be  the  makespan  of  the  schedule  obtained  by  H\.  Then, 

Theorem  1 cL^lFs  < 2 — T and  the  bound  is  tight. 

Proof-  Let  S be  the  Johnson’s  order  for  the  AFS  problem  and  Sh  the  sequence 
obtained  by  H\  for  the  LBFS  problem.  In  Sh-,  task  ( z , 1 ) finishes  no  later  than 
m 1 Pki  + r~-Pi\  because  the  FAM  rule  is  used  for  allocating  (*,  1)  tasks  to  the 
first  stage  machines.  Therefore,  the  idle  time  forced  by  the  task  ( i , 1)  on  M2  of  LBFS 
is  no  more  than  ~^pn  periods  more  than  the  idle  time  forced  by  (i,  1)  on  the  M2 
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machine  of  AFS. 

Since  the  idle  time  inserted  for  task  (i,  1)  on  M2  of  LBFS  shifts  to  the  right 
all  subsequent  tasks  (i  + 1, 2), . . . , (n,  2),  M2  of  LBFS  can  have  at  most  I2^J-pmax 
periods  of  idle  time  more  than  AFS  does,  where  pmax  = max,  pn . Equivalently, 
Ch  < Cafs  + ^Pmax-  By  Lemma  1,  CAFs  < CLBfs • Also,  pmax  < CLBfs  and 
hence  CH<( 2 - ±)CLBFS. 

To  see  that  the  bound  is  tight,  consider  the  case  where  pt2  = 0.  Then,  the 
Johnson’s  algorithm,  when  applied  to  AFS,  can  output  any  sequence  depending  on 
how  ties  are  broken.  Then,  H\  reduces  to  the  RDM  heuristic  (a  heuristic  where  the 
list  S’  is  a random  permutation  of  the  set  of  jobs)  for  mP  which  is  known  to  have 
a tight  error  bound  of  2 — T (see  Graham,  1966).  This  completes  the  proof  of  the 
theorem.  □ 

The  corresponding  results  for  the  LAFS  design,  are  as  follows: 

Heuristic  H2\ 

1.  Apply  JA  with  respect  to  processing  times  {(ptl,  ^p,2)  -i  — 1,2,  Let  S 

be  the  resulting  sequence. 

2.  Schedule  jobs  in  M\  according  to  sequence  S. 

3.  Pick  the  job  at  the  top  of  S and  load  it  to  the  first  available  machine  at 
station  2,  but  not  earlier  than  the  completion  time  of  the  (i,  1)  task.  Repeat 
Step  2 until  all  jobs  in  S are  scheduled. 

Theorem  2 < 2 — T and  the  bound  is  tight. 

The  above  theorem  shows  that  the  heuristic  H2  which  is  based  on  the  Johnson’s 
sequence  with  respect  to  {(p,i,  ^-p,-2)  : i = 1,2, ...  ,n}  has  a worst  case  error  bound 
°f  2 — This  improves  the  current  best  known  results  of  Shriskandarajah  and  Sethi 
(1989)  for  the  the  LAFS  problem.  They  show  that  a heuristic  algorithm  based  on  an 
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arbitrary  ordering  of  the  jobs  has  worst  case  error  bound  of  3—^.  Also,  they  show  that 
a heuristic  based  on  the  Johnson’s  sequence  with  respect  to  {(p;i,Pi2)  : i = 1, 2, . . . ,n} 
has  error  bound  of  3 — ^ . To  the  best  of  our  knowledge,  no  error  bound  results 

are  known  in  the  literature  for  the  LBFS  problem. 

We  would  like  to  compute  the  average  deviation  of  Hi  from  the  optimal  solution 
of  LBFS  and  the  average  deviation  of  H2  from  the  optimal  solution  of  LAFS.  To  do 
this,  however,  we  need  to  develop  relatively  fast  branch  and  bound  algorithms  that 
solve  LBFS,  LAFS  optimally.  In  our  opinion,  this  is  rather  unlikely.  The  reason  is 
that  there  are  mn  different  ways  of  allocating  jobs  to  the  multistation  stage.  Given 
such  an  allocation,  the  scheduling  problem  reduces  to  a look-behind  job  shop  (LBJS) 
and  look-ahead  job  shop  (LAJS)  respectively.  In  these  environments,  each  of  the 
machines  of  the  multistation  stage  are  dedicated  to  a subset  tasks.  Both  of  the  LBJS 
and  LAJS  problems  have  been  shown  to  be  AO-’-complete  in  the  strong  sense  even 
in  the  case  where  the  multistation  stage  has  2 machines  only,  see  Herrmann  and  Lee 
(1992),  Lee  and  Herrmann  (1993).  Since  the  LBFS  and  LAFS  problems  do  not  seem 
to  enjoy  any  interesting  properties  that  eliminate  most  of  the  mn  possible  allocations 
for  the  multistation  stage,  any  exhaustive  algorithm  for  these  problems  is  doomed. 
For  these  reasons,  we  perform  a computational  experiment  where  we  compute  the 
average  relative  gap  of  Hi,  H2,  from  the  lower  bound  Cafs  of  Lemmata  1,2.  This 
can  be  done  very  efficiently  since  all  of  the  values  Cafs , Cjjx , C//2  can  be  computed 
in  polynomial  time. 

2.3.1  Average  Performance  of  Heuristics 

In  Table  2.1  we  report  the  relative  gap  Ch^aJs  100%  where  H is  any  of  the 
heuristics  Hi  and  H2.  In  this  experiment  we  report  the  average  and  worst  case 
relative  gap  for  different  problem  sizes  and  processing  time  ratios.  We  report  results 
for  problem  sizes  with  m — 2,  3,  4 stage  1 machines  and  20,  30  and  40  jobs.  We 
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experimented  with  the  processing  time  ratios  1:1,  2:1,  3:1,  4:1  and  their 
reciprocals.  For  example,  a ratio  2 : 1 means  that  on  the  average  the  processing  time 
of  a task  (*’,  1)  is  double  the  processing  time  of  a task  (i,  2).  Also,  the  processing  time 
of  (*,  1)  is  chosen  randomly  from  a uniform  distribution  on  [1, 10]  and  the  processing 
time  of  ( z , 2 ) is  chosen  randomly  from  a uniform  distribution  on  [1,20].  For  each 
combination,  we  find  the  average  relative  gap  over  50  randomly  selected  problems.  A 
similar  experiment  is  made  for  the  LAFS  problem. 

When  the  second  stage  is  the  overloaded  one,  the  average  relative  optimality  gap 
of  Hi  is  very  rarely  different  than  0.  This  is  because  in  case  that  stage  2 is  overloaded, 
the  stage  2 machine  of  LBFS  is  the  bottleneck  and  therefore  the  advantage  of  having 
many  machines  in  stage  1 of  LBFS  does  not  alleviate  the  bottleneck  operations;  just 
like  what  happens  in  the  auxiliary  problem  AFS.  As  a result,  the  AFS  and  LBFS 
problems  end  up  having  the  same  makespan.  In  the  symmetric  case  where  stage  1 
is  overloaded,  the  performance  of  f/2  for  LAFS  has  similar  performance.  However, 
having  many  machines  at  stage  1 when  stage  2 is  overloaded,  or  having  many  machines 
at  stage  2 when  stage  1 is  overloaded,  do  not  justify  the  use  of  LBFS  and  LAFS 
respectively.  In  both  cases,  the  average  relative  gap  of  Hi  for  LBFS  and  Hi  for  LAFS 
is  0.0%.  For  this  reason,  we  do  not  report  these  cases  in  Table  2.1. 

In  the  important  case  where  stage  1 is  overloaded  in  LBFS,  the  heuristic  H\  has  an 
average  relative  gap  of  0.72%.  This  gap  reduces  as  the  number  of  jobs  increases  and 
as  the  number  of  stage  1 machines  increases.  Also,  the  average  relative  gap  increases 
as  the  workload  ratio  increases.  The  size  of  the  relative  gap  along  with  the 

fact  that  the  corresponding  deviation  from  optimality  is  at  most  as  big,  establishes 
H\  as  an  exceptional  tool  for  LBFS.  In  the  other  important  case  where  stage  2 is 
overloaded  in  LAFS,  the  heuristic  Hi  has  an  average  relative  gap  of  0.31%.  Again, 
we  feel  confident  in  recommending  Hi  as  an  adequate  tool  for  scheduling  operations 
in  the  LAFS  environment. 
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Table  2.1.  Relative  Gap  of  Hx,  H2  from  the  Lower  Bound  Cafs ■ 
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This  section  concludes  the  study  of  solution  algorithms  for  the  LBFS  and  LAFS 
designs.  Starting  from  the  next  section,  we  will  compare  LBFS  and  LAFS  with 
various  designs  that  possess  different  modes  of  flexibility. 

2.4  Design  for  Schedulabilitv 

In  the  remaining  of  this  chapter  we  investigate  the  performance  benefits  of  each 
design  as  a function  of  the  mode  of  flexibility  possessed  by  the  design.  The  term  design 
refers  to  the  machine  layout  design  and  not  to  the  product  design  as  is  usually  implied 
in  literature.  From  our  study  in  this  section,  it  will  be  apparent  that  the  schedulability 
(i.e.  the  ease  of  finding  an  optimal  or  near  optimal  schedule)  of  the  various  designs 
differs  significantly.  Therefore,  a manager  who  has  to  make  process  choice  decisions 
should  find  the  perfect  balance  between  performance  benefits  and  schedulability  of 
the  design.  As  of  today,  the  latter  component  has  been  underestimated  and  very 
often  forgotten. 

Next  we  compare  the  advantages  and  disadvantages  of  various  2-stage  flowshops 
each  possessing  a different  mode  of  flexibility  than  LBFS  and  LAFS.  We  do  two 


26 


sorts  of  comparisons.  Namely  analytical  comparison  where  we  find  the  range  of  the 
performance  ratio  of  one  design  over  the  other,  and  average  performance  comparisons 
where  we  experiment  on  the  effect  of  important  characteristics  of  the  production 
environment  on  the  performance  of  the  designs.  The  former  set  of  comparisons  takes 
place  in  subsection  2.4.1  and  the  latter  in  2.4.2. 

2.4.1  Analytical  Comparisons 

We  would  like  to  know  the  range  of  the  performance  ratio  where  Co  is  the 

makespan  of  FS,  or  LBJS,  or  2FFS.  Similar  ratios  for  LAFS  are  also  desirable.  Our 
formal  discussion  in  this  subsection,  will  refer  to  the  LBFS  design;  however,  similar 
arguments  can  be  made  for  LAFS.  The  analytical  comparisons  to  be  performed  are 

• look-behind  flowshop  versus  traditional  flowshop, 

• look-behind  flowshop  versus  look-behind  job  shop, 

• look-behind  flowshop  versus  flexible  flowshop, 

• look-ahead  flowshop  versus  traditional  flowshop, 

• look-ahead  flowshop  versus  look-ahead  job  shop, 

• look-ahead  flowshop  versus  flexible  flowshop. 

The  FS  design:  unidirectional  routing 

The  FS  design  described  in  Section  2.1  serves  as  a benchmark  for  comparing  the 
additional  performance  benefits  of  increasing  the  number  of  machines  in  the  first  stage 
of  the  FS  design.  In  FS,  routing  is  only  in  the  direction  of  M\  to  M2  and  scheduling  is 
very  simple  as  given  by  the  Johnson’s  algorithm.  On  the  contrary,  both  routing  and 
scheduling  are  considerably  more  difficult  in  LBFS;  however,  the  makespan  benefits 
of  this  design  are  more  pronounced.  The  performance  ratio  of  LBFS  and  LAFS  versus 
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FS  are  given  in  the  next  theorem. 

Theorem  3 1 < < m and  1 < < m and  these  performance  bounds  are 

tight. 


Proof-  Consider  the  first  double  inequality.  Since  FS  is  a subsystem  of  LBFS, 
we  have  that  Clbfs  < Cfs-  Let  S*  be  an  optimal  sequence  for  the  LBFS  problem. 
S*  partitions  the  job  set  J into  the  subsets  J\ , . . . , Jm  where  J,  is  the  subset  of  jobs 
processed  by  m;,  i = 1, 2, . . . , m.  Let  S,  be  the  Johnson’s  sequence  for  J,  and  (7,  the 
corresponding  makespan.  Since  the  sequence  S1S2  ■ ■ . Sm  is  feasible  for  FS,  we  have 
that  Cfs  < YULi  Ci  — m^LBFS  and  hence  -C°L^?FS  < m. 

To  show  that  the  bounds  of  the  first  double  inequality  are  tight,  consider  the  prob- 
lem with  pn  = 0 for  i = 1,2,  ...,n  and  pn  arbitrary.  In  this  case  Cfs  = Clbfs  — 
YliP'i  which  case  the  left  hand  side  bound  is  tight.  For  the  right  hand  side  bound 

let  pn  = 0 and  pn  = k for  i = 1, 2, . . . , m.  Then,  Clbfs  = k while  Cfs  = rnk  in 

which  case  7$FS  = m. 

Clbfs 

Similar  arguments  establish  the  validity  and  tightness  of  the  second  double  in- 
equality. This  completes  the  theorem.  □ 

The  LBJS  design:  machines  are  dedicated 

The  LBJS  environment  with  2 machines  at  stage  1 has  been  studied  by  Lee  and 
Herrmann  (1993).  In  their  study,  a set  of  jobs  J = . . . ,jn}  is  given  and  every 

job  ji  consists  of  two  tasks,  namely  ( i , 1)  and  (z,  2)  with  processing  time  requirements 
pn  and  pi2  respectively.  All  jobs  are  assumed  to  be  available  at  time  zero  and  no 
preemption  is  allowed  for  the  tasks.  The  set  J of  jobs  is  partitioned  into  a set  Ja 
of  jobs  that  must  follow  the  route  a-b-e,  and  the  set  Jb  of  jobs  that  must  follow  the 
route  c-d-e  (see  Figure  2. Id).  This  assumption  treats  machines  Ma,  Mb  in  a dedicated 
fashion.  We  refer  to  this  production  environment  as  LBJS  because  it  is  a job  shop 
with  look-behind  characteristics. 
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It  is  evident  that  the  only  difference  between  LBJS  and  LBFS  is  that  the  latter 
possesses  routing  flexibility  while  former  does  not.  Clearly,  the  throughput  perfor- 
mance of  LBFS  is  no  worse  than  the  performance  of  LBJS.  The  added  flexibility 
within  stage  1 of  LBFS  can  be  achieved  either  by  sophisticated  tooling  of  machines 
M„,  Mb  so  that  they  can  process  any  job,  or  by  replacing  the  first  stage  machines 
of  LBJS  with  flexible  machines  that  can  process  all  jobs.  In  this  subsection  we  find 
the  throughput  performance  ratio  of  LBFS  as  compared  with  LBJS.  Let  Clbfs  be 
the  optimal  makespan  value  for  LBFS  and  Clbjs  the  optimal  value  for  the  LBJS 
environment.  The  next  theorem  gives  the  range  of  values  of  the  performance  ratios 
of  LBJS,  LAJS  over  LBFS,  LAFS  respectively. 

Theorem  4 Cibfs  — m an^  &lafs  — 171  anc^  these  performance  bounds  are  tight. 

Proof-  To  prove  the  first  inequality  suppose  that  S*  is  an  optimal  schedule  for  LBFS. 
We  will  construct  a schedule  S for  LBJS  with  makespan  no  more  than  mCLBFS- 
Indeed,  let  J,  be  the  subset  of  J that  must  be  processed  by  mi  of  LBJS,  i = 1, 2, . . . , m. 
The,  construct  S as  follows. 

Schedule  in  S the  machine  mi  of  LBJS  to  process  all  stage  1 tasks  of  J,  that  are 
not  processed  by  the  machine  m,  of  LBFS,  for  i = 1, 2, . . . , m.  With  this  assignment, 
the  m,  machine  of  LBJS  can  process  tasks  that  are  processed  by  anyone  of  m — 1 
machines  of  LBFS.  Therefore,  the  LBJS  needs  no  more  than  (m  — 1 )Clbfs  time  to 
process  all  the  above  tasks.  Starting  at  time  (m  — \)ClbfSi  schedule  S to  process 
on  m,  the  stage  1 tasks  of  J,  that  are  processed  by  the  machine  m,  of  LBFS,  for 
i — 1,2 , Also,  schedule  all  the  stage  2 tasks  to  be  processed  by  the  M2 

machine  of  LBJS.  Then,  S need  no  more  than  Clbfs  time  to  execute  the  latter  set 
of  tasks  and  therefore  the  makespan  of  S is  no  more  than  mC lbfs-  It  is  easy  to 
verify  that  the  S is  a feasible  schedule  for  LBFS.  Since  S is  not  necessarily  optimal 
for  LBJS,  we  have  that  Clbjs  < mC  lbfs- 
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It  is  apparent  that  the  above  bound  is  driven  by  the  subsets  J,,  i = 1,2, 

A choice  of  s that  results  to  unbalanced  workloads  for  the  various  machines  can 
have  very  negative  impact  on  the  performance  of  LBJS.  Consider  for  instance  the 
case  where  pn  = k and  pi2  = 0 for  i = 1, 2, . . . , m.  Then,  CLBfs  = k.  If  Jx=  J and 
Jr  = 0 for  r = 2, . . . , m,  we  have  that  Clbjs  — m&,  i.e.  — m.  This  example 

shows  that  the  performance  bound  of  m is  tight. 

Similar  arguments  establish  the  validity  and  tightness  of  the  second  inequality. 
This  completes  the  theorem.  □ 

The  2FFS  design:  flexibility  across  the  production  line 

We  consider  a configuration  that  has  been  studied  by  Kouvelis  and  Vairaktarakis 
(1993)  known  as  the  two  stage  flexible  flowshop  (2FFS).  This  configuration  is  defined 
as  follows:  A set  of  jobs  J = { Ji , J2 , . . . ,jn}  is  given  and  every  job  ji  consists  of  two 
tasks,  namely  (i,l)  and  (*,  2),  with  processing  time  requirements  pn  and  p,-2  respec- 
tively. All  jobs  are  assumed  to  be  available  at  time  zero  and  no  preemption  is  allowed 
for  the  tasks.  The  jobs  in  J are  to  be  processed  in  a two  stage  flowshop  which  has  the 
following  type  of  processing  flexibility.  Every  job  ji  can  be  processed  entirely  on  the 
upstream  stage  m\  for  p,  = p,i  + p,2  periods  or  entirely  in  the  downstream  stage  m2 
for  pi  periods  or  task  (*,  1)  is  processed  on  rri\  and  task  (i,  2)  is  processed  on  m2.  For 
maximizing  the  throughput,  as  well  as  the  machine  utilization  of  the  system,  we  are 
interested  in  sequencing  the  jobs  in  J so  that  the  resulting  schedule  on  the  two  stage 
flexible  flowshop  minimizes  the  makespan.  This  design  is  depicted  in  Figure  2. If  and 
we  refer  to  it  as  2FFS.  In  the  figure,  every  job  can  follow  one  of  the  three  possible 
routes  a-b-c,  a-h-f  or  d-e-f. 

Due  to  its  routing  flexibility,  2FFS  possesses  flexibility  across  the  production  line. 
Also,  2FFS  possesses  processing  flexibility  because  a job  can  be  processed  entirely 
on  one  of  the  machines  mi,  m2,  or  it  can  split  its  processing  time  between  mi,  m2, 
in  a prespecified  fashion.  Note  that  the  LBFS  design  possesses  significant  routing 
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flexibility  and  no  processing  time  flexibility.  Also,  the  2FFS  design,  which  possesses 
processing  time  flexibility,  also  possesses  limited  routing  flexibility. 

Scheduling  the  2FFS  environment  is  not  an  easy  task.  Kouvelis  and  Vairaktarakis 
(1993)  presented  a pseudopolynomial  dynamic  programming  algorithm  of  complexity 
0(nMS3),  that  solves  2FFS  optimally.  We  will  investigate  the  throughput  perfor- 
mance of  2FFS  as  compared  to  that  of  LBFS. 

In  the  next  theorem  we  find  the  range  of  the  throughput  ratio  of  2FFS  versus 
LBFS.  We  assume  that  C2FFS  and  Clbfs  are  the  optimal  makespan  values  for  2FFS 
and  LBFS,  respectively. 

Theorem  5 < 2 and  — c^ffs  — ^ an ^ ^ ese  performance 

bounds  are  tight. 

Proof.  We  consider  the  first  double  inequality.  For  the  left  hand  side  of  this  inequality 
assume  that  S*  is  an  optimal  schedule  for  LBFS.  We  will  construct  a schedule  S for 
2FFS  with  makespan  no  more  than  I^^IClbfs-  Indeed,  let  J,  be  the  subset  of  jobs 
in  J processed  by  mi  in  S'*,  for  i = 1,2, ...  ,m.  To  construct  S,  process  the  ( i , 1)  tasks 
°f  T3  |J  J5  (J  . . . by  the  mi  machine  of  2FFS  and  the  (i,  1)  tasks  of  J2  (J  J4  (J  . . . by 
m2.  Since  Pji  < Clbfs  for  i = 2, 3, . . . , m,  the  execution  of  the  ( i , 1)  tasks  of 
J2  U *^3  1J  • • ■ U Jm  takes  no  more  than  \mf^-]CLBFS  time  in  S.  Following  these  tasks 
is  S',  schedule  the  (?,  1)  tasks  of  Jj  on  m\  and  the  (i,  2)  tasks  of  J on  m2.  The  set  of 
tasks  is  executed  in  no  more  than  Clbfs  time  and  hence  S has  makespan  no  more 
than  + 1 )Clbfs-  It  is  easy  to  verify  that  S’  is  a feasible  sequence  for  2FFS. 

Since  S is  not  necessarily  optimal  for  2FFS,  we  have  that  C2ffs  < Clbfs-  To 

show  that  this  bound  is  tight,  consider  the  problem  where  pn  = k and  pl2  = 0 for 
i = 1, 2, . . . , m and  pm+ 1,1  = 0,  pm+i,2  - k.  Then,  Clbfs  — h while  C2ffs  = [ k 
and  hence  the  bound  is  tight. 

For  the  right  hand  side  of  the  inequality  assume  that  Q*  is  an  optimal  schedule 
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for  2FFS.  We  will  construct  a schedule  Q for  LBFS  with  makespan  no  more  than 
2C2 ffs-  In  Q , let  m\  of  LBFS  process  all  stage  1 tasks  that  are  processed  by  the 
machine  m\  of  2FFS  in  Q*.  For  this  set  of  tasks,  Q requires  no  more  than  C^ffs 
time.  After  the  completion  of  the  above  tasks,  schedule  on  the  m\  machine  of  Q,  the 
stage  1 tasks  that  are  processed  by  the  m2  machine  of  2FFS.  Also,  schedule  on  the 
m2  machine  of  Q , the  stage  2 tasks  that  are  processed  by  the  m2  machine  of  2FFS. 
Then,  Q needs  no  more  than  C2ffs  time  to  execute  the  extra  tasks.  Since  Q is  not 
necessarily  optimal  for  LBFS,  we  have  that  Clbfs  < 2 C2ffs ■ 

The  above  argument  capitalizes  on  the  fact  that  the  LBFS  environment  has  one 
machine  at  stage  2,  while  the  2FFS  can  use  both  of  its  machines  to  process  stage  2 
tasks.  This  becomes  apparent  at  the  following  problem  that  shows  that  the  bound 
of  2 is  tight.  Let  ptl  = 0 and  p;2  = 1 for  i = 1, 2, . . . , n,  and  pn+ltl  = 0,  p„+i,2  = n. 
Then,  Clbfs  = 2n  while  C2FFS  = n.  This  completes  the  theorem  for  the  first  double 
inequality. 

Similar  arguments  establish  the  validity  and  tightness  of  the  second  double  in- 
equality. This  completes  the  theorem.  □ 

The  theory  developed  in  this  section  suggests  that  depending  on  the  workload 
scenario,  the  LBFS  and  LAFS  designs  may  provide  significant  or  minor  benefits  as 
compared  with  other  designs  (in  the  case  of  2FFS,  the  LBFS  and  LAFS  designs  might 
even  be  inferior).  Then,  it  is  essential  to  investigate  the  workload  scenarios  that  favor 
each  design.  According  to  this  investigation,  we  would  like  to  come  up  with  guide- 
lines for  the  production  manager  who  wants  to  choose  the  design  that  suits  his/her 
objectives  the  most.  This  is  the  focus  of  the  next  subsection. 
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2.4.2  Average  Comparisons 

In  view  of  the  results  of  the  last  subsection,  we  want  to  identify  the  workload  sce- 
narios for  which  one  design  outperforms  the  other.  For  this  reason  we  perform  com- 
putational experiments  in  which  we  tabulate  the  performance  of  the  various  designs 
under  a variety  of  environment  characteristics.  To  make  this  experiment  possible, 
we  focus  our  attention  to  designs  that  have  one  or  two  machines  in  each  stage.  In 
particular,  we  consider  the  LBFS  and  LAFS  designs  with  two  machines  at  stage  1 and 
stage  2 respectively.  In  the  rest  of  the  paper  when  we  refer  to  the  LBFS  environment 
we  will  mean  the  case  with  only  two  machines  at  stage  1.  Similarly,  by  LAFS  we  will 
refer  to  the  special  case  where  stage  2 consists  of  two  machines  only. 

The  tables  that  follow  report  the  performance  of  LBFS  and  LAFS  versus  FS  and 
2FFS.  The  LBJS  and  LAJS  designs  are  disregarded  in  this  experiment  because,  as  we 
saw  in  the  last  section,  their  performance  depends  on  the  choice  of  the  subset  J,  of 
jobs  to  be  processed  by  m,-,  i — 1,2, ...  ,n.  However,  in  comparing  the  performance 
of  the  various  designs,  we  face  the  following  difficulty.  The  2FFS  design  considered  in 
the  next  section,  accepts,  as  we  mentioned  earlier,  an  optimal  solution  produced  by 
a dynamic  programming  algorithm,  in  pseudopolynomial  time.  When  comparing  the 
performance  of  LBFS,  LAFS  versus  2FFS,  it  is  unfair  to  consider  polynomial  time 
heuristics  for  LBFS,  LAFS  and  exact  pseudopolynomial  algorithms  for  2FFS.  This 
is  more  relevant  for  the  LBFS  problem  since  the  performance  of  i/2  for  the  LAFS 
problem  is  extremely  good.  To  achieve  some  fairness  in  our  computations,  we  will 
develop  a pseudopolynomial  time  algorithm  for  the  LBFS  problem,  which  although 
not  optimal,  it  improves  upon  the  performance  of  the  heuristic  H\  in  Section  2.3. 

Dynamic  programming  based  algorithm  for  LBFS 

It  is  very  unlikely  to  discover  optimal  dynamic  programming  algorithms  for  the 
LBFS  and  LAFS  designs  with  minimum  makespan  objective.  The  reason  is  that  the 
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optimal  solution  of  these  problems  does  not  possess  any  obvious  ordering  of  the  jobs 
in  the  multistation  stage.  In  particular,  the  Johnson’s  order  is  not  necessarily  optimal 
for  these  problems,  as  has  been  demonstrated  in  Herrmann  and  Lee  (1992)  and  Lee 
and  Herrmann  (1993). 

The  rest  of  our  discussion  refers  to  the  LBFS  design.  Similar  arguments  will 
be  made  for  LAFS.  Consider  an  optimal  solution  for  the  LBFS  with  the  additional 
constraint  that  the  jobs  are  ordered  according  to  Johnson’s  order  with  respect  to 
{—PiitPii)  on  the  single  machine  of  stage  2.  As  we  saw  in  Section  3,  the  solution 
of  Hi  possessed  this  ordering  property.  The  difference  between  Hi  and  the  above 
proposed  algorithm  is  that  the  former  assigns  the  first  stage  tasks  according  to  the 
FAM  rule  while  the  latter  assigns  those  tasks  optimally.  Therefore,  the  error  bound 
of  2 — T is  also  an  error  bound  for  the  proposed  algorithm. 

As  we  reported  in  Section  2.3,  the  average  relative  gap  of  the  solution  provided  by 
H i,  from  the  lower  bound  Cafs , is  very  small.  Since  the  algorithm  to  be  developed 
will  always  dominate  the  performance  of  Hi , we  expect  it  to  perform  near  optimally. 
With  this  motivation,  we  proceed  to  describe  a dynamic  programming  algorithm 
(DP)  that  finds  an  optimal  solution  for  LBFS  subject  to  the  constraint  that  the  jobs 
are  ordered  in  stage  2 according  to  Johnson’s  order  with  respect  to  (^-p,i, p,-2),  say 

^ {jl,  •••  i jn} • 

To  compute  the  makespan  of  a solution  for  DP,  it  is  enough  to  know  the  total  idle 
time  of  the  stage  2 machine,  say  id.  Then  the  makespan  produced  by  the  solution 
would  be  id  -f  Pa-  We  can  always  assume  that  the  stage  2 tasks  are  shifted 
right  so  that  the  stage  2 machine  is  continuously  busy  after  the  commencement  of 
ji-  Therefore,  for  a particular  value  of  id  the  order  S induces  a starting  time  d,  = 
id+  Y'.j-i  Pj2  for  each  task  (i,  2)  at  stage  2.  Effectively,  d,  becomes  a deadline  for  the 
completion  of  task  (*,1).  Therefore,  the  dynamic  program  only  needs  to  verify  the 
existence  or  not  of  a feasible  schedule  for  the  raP  environment  of  stage  1.  Equivalently, 
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our  problem  reduces  to  a parallel  identical  machine  pi'oblem  with  maximum  lateness 
objective  Lmax  = max,{C,-  — d,},  where  C,  is  the  completion  time  of  task  (i,  1).  If 
^max  ^ 0,  then  a feasible  schedule  exists.  Otherwise,  the  idle  time  inserted  in  stage  2 
is  not  enough  and  hence  id  should  be  increased. 

The  problem  to  minimize  Tmax  with  release  dates  r,-  and  due  dates  d,,  has  been 
considered  by  Carlier  (1987)  who  developed  a branch  and  bound  algorithm,  and 
Jackson  (1955)  who  investigated  heuristic  algorithms.  Our  problem  however,  is  a 
special  case  where  rt  = 0 for  every  j \ and  as  we  will  show  enjoys  an  interesting  DP 
formulation. 

Let  {ji,;2,  • • • ,jn)  be  the  Johnson’s  order  with  respect  to  (T-ptl,p,-2).  Then,  define 
the  following: 

A = Y?j= i Pn  for  i = 1, 2, . . . , n and 

{1  if  there  exists  a schedule  whose  total  processing  time  on  mi  of  jobs  in 
Oi  02,  • • • , ji } is  t,  and  every  job  j 6 {ji,  j2,  • • • , ji } finishes  before  dj 
0 otherwise. 

Boundary  Conditions: 

/o(0)  = 1 and 
fo{t ) = 0 otherwise. 

Recurrence  Relation: 

if  t < d, 

Mt)  = max  < f^t)  if  Ai-t  < d, 

' 0 otherwise. 

Solution: 

Let  fn  denote  the  solution  to  the  dynamic  program  with  the  above  given  boundary 
conditions.  Then, 

/*  = max  fn(t) 

Justification: 

The  above  dynamic  programming  algorithm  utilizes  the  binary  variables  ffit).  At 
the  Tth  stage  of  the  dynamic  program,  job  jt  has  to  be  scheduled.  The  first  two 
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branches  of  the  recursive  relationship  correspond  to  machines  mi,  m2  respectively.  If 
t — Pn  < di,  then  scheduling  j,  next  on  mj  does  not  violate  the  deadline  of  j,-.  If  in 
addition  fi~\(t  — pn)  = 1 then  appending  j,  on  mj  produces  a feasible  schedule  for 
the  first  i jobs  of  S. 

In  case  that  the  total  workload  on  m\  is  t,  the  workload  on  m2  is  A,_i  — t. 
Therefore,  scheduling  ji  next  on  m2  is  feasible  only  in  case  that  A,  — t < di  and 
/:- i(t)  = 1.  Otherwise,  the  last  branch  assigns  the  value  0 to  /,(f)  which  means  that 
no  feasible  schedule  exists  with  total  processing  time  on  mi  of  jobs  in  {ji,j2,  • • • , ji] 
equal  t. 

Note  that  the  idle  time  preceding  the  first  job  of  the  second  stage  machine  of 
LBFS  does  not  exceed  MS  = ^”=1  P<i • Then  by  applying  bisection  search  in  the 
range  of  id,  we  need  no  more  than  log  M S iterations  of  the  above  dynamic  program 
to  find  the  smallest  value  of  id  for  which  a feasible  schedule  exists.  We  refer  to  the 
binary  search  based  on  the  above  dynamic  programming  algorithm  as  DPI. 

Complexity  of  DPI: 

It  is  evident  that  t < MS  and  i takes  on  values  1,2,  ...,n.  Hence  the  number 
of  states  of  the  dynamic  program  is  nMS.  For  each  state  it  takes  0(1)  effort  to 
evaluate  the  recurrence  relationship  and  therefore  the  asymptotic  complexity  of  our 
dynamic  programming  algorithm  is  O(nMS).  Since  the  dynamic  program  is  repeated 
for  at  most  log  MS'  iterations,  our  algorithm  for  LBFS  has  computational  complex- 
ity 0(nM STog  M S)  and  state  space  O(nMS).  An  interesting  feature  of  the  above 
dynamic  program  is  that  its  variables  are  binary  and  therefore  each  state  occupies 
only  one  bit  of  memory  making  it  possible  to  implement  very  large  size  problems  on 
microcomputer  supported  environments. 

A similar  dynamic  program  can  be  formulated  for  LAFS.  However,  the  average 
relative  gap  of  f/2  for  the  LAFS  problem  (as  reported  in  Table  2.1)  shows  that  such 
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an  algorithm  is  not  needed.  Hence,  we  proceed  in  the  next  subsection  by  compar- 
ing the  average  performance  of  the  designs  discussed  in  this  paper.  The  following 
comparisons  will  be  made: 


• look-behind  flowshop  versus  traditional  flowshop, 


• look-behind  flowshop  versus  flexible  flowshop, 

• look-ahead  flowshop  versus  traditional  flowshop, 


• look-ahead  flowshop  versus  flexible  flowshop. 


Computational  Results 

In  this  subsection  we  study  the  effects  of  important  characteristics  of  the  pro- 
duction environment  (in  particular,  stage  workloads  and  variation  among  processing 
times  of  the  jobs  at  each  stage)  on  four  different  configurations  (we  are  restricting 
ourselves  to  the  two-stage  cases  and  at  most  two  machines  in  each  stage):  look-behind 
flowshop  (as  defined  in  Section  2.1),  look-ahead  flowshop  (as  defined  in  Section  2.1), 
flowshop  (as  traditionally  defined,  with  all  jobs  following  the  same  routing  of  stages) 
and  flexible  flowshop  (as  defined  in  Section  2.1).  For  all  environments  job  preemption 
is  not  allowed. 

More  precise  definitions  of  the  characteristics  of  the  production  environment  we 
considered,  are  the  following: 

(a)  Stage  Workload  Ratio  (LR):  it  reflects  the  ratio  of  workloads  at  the  two  stages  of 
the  traditional  flowshop  environment,  i.e. 


LR  = 


En 

i= i P>  i 

En 

i= 1 Pi2 


(b)  Coefficient  of  Variation  of  processing  times  at  stage  k , CI4  (k  = 1,2):  it  reflects 
the  variability  of  processing  times  of  jobs  at  a specific  stage  k (k  = 1, 2)  (as  a reminder, 
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the  processing  time  of  each  job  is  deterministic,  and  the  variability  we  are  referring 
to  is  among  processing  times  of  jobs  at  a stage),  i.e. 


CVk  = 


y/^zj  Y,?=i(Pik  - Pk)i) 2 


Pk 


where  pk  = 


En 

8=1  Pik 


n 


k = 1,2. 


In  Tables  2.2,  2.3  we  report  the  results  of  our  computational  experiments.  We  gen- 
erated random  scheduling  problems  for  a flowshop  environment  with  15  jobs  within 
the  following  ranges  of  the  workload  ratio: 


• LR  E [0.6, 0.8]  for  unbalanced  workloads  with  lower  workload  on  stage  1, 

• LR  E [0.9, 1.1]  for  balanced  workloads, 

• LR  E [1.2, 1.4]  for  unbalanced  workloads  with  lower  workload  on  stage  2, 
and  the  following  ranges  of  coefficients  of  variation: 

• CVk  G [0.5, 0.7]  for  low  processing  time  variability  at  stage  k, 

• CVk  E [0.9, 1.1]  for  medium  processing  time  variability  at  stage  k, 

• CVk  £ [1-2, 1.4]  for  high  processing  time  variability  at  stage  k. 

There  is  a total  of  27  combinations  of  ranges  for  the  various  parameters,  and  for  each 
combination  5 random  scheduling  problems  were  generated.  Thus  a total  of  135  test 
problems  were  solved  for  each  table.  For  each  combination  of  parameters,  we  report 
the  average  over  the  5 test  problems  within  that  range  of  the  following  two  quantities 
in  Table  2.2: 


i)  percentage  deviation  of  the  makespan  performance  of  the  flowshop  from  the 

makespan  performance  of  the  look-behind  flowshop  as  determined  by  the  DPI 
algorithm,  i.e.  100%,  and 
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ii)  percentage  deviation  of  the  makespan  performance  of  the  look-behind  flowshop 
as  determined  by  the  DPI  algorithm,  from  the  makespan  performance  of  the 
flexible  flowshop  resulting  from  an  application  of  an  optimal  algorithm  for  2FFS 
(see  Kouvelis  and  Vairaktarakis  (1993)),  i.e.  ^iFFJ~^JfFS  100%. 

Therefore,  a — sign  indicates  that  the  2FFS  outperforms  LBFS,  while  no  sign  indicates 
that  LBFS  outperforms  2FFS.  Similarly,  in  Table  2.3  we  report  the  following: 

iii)  Cfc~lafsFS  where  Clafs  is  the  makespan  determined  by  the  H?  heuristic, 

iv)  ^FFJ~ACFlsAF?  100%. 

As  a result,  a — sign  indicates  that  the  2FFS  outperforms  LAFS,  while  no  sign 
indicates  that  LBFS  outperforms  2FFS.  As  mentioned  above,  the  figures  reported  in 
Tables  2.2  and  2.3,  represent  the  average  deviation  over  5 random  problems.  The 
deviation  of  each  of  the  5 problems  is  very  close  to  the  reported  average  for  all  the 
combinations  of  load  ratio  and  processing  time  variations.  This  observation  is  one 
of  the  reasons  for  experimenting  with  the  particular  combinations  described  above. 
Below,  we  summarize  and  interpret  the  results  of  Table  2.2.  We  start  by  comparing 
the  performance  of  LBFS  environments  with  traditional  flowshops. 

la)  The  look-behind  flowshop  environment  significantly  outperforms  traditional 
flowshops.  The  makespan  performance  improvements  are  in  the  range  of  0-35%.  The 
differences  are  negligible  for  LR  £ [0.6, 0.8],  minor  for  LR  6 [0.9, 1.1]  and  pronounced 
for  LR  € [1.2, 1.4].  Specifically,  we  have  that  the  average  percentage  deviation  in 
performance  of  the  two  environments  is  2.61%  for  balanced  workloads  across  the  two 
stages,  0.4%  for  unbalanced  workloads  with  lower  workload  on  stage  1 and  29.8%  for 
unbalanced  workloads  with  lower  workload  on  stage  2. 

lb)  For  unbalanced  workload  flowshop  environments  where  stage  2 is  overloaded, 
the  second  stage  acts  as  bottleneck  in  the  same  fashion  for  both  LBFS  and  FS.  Hence, 
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Table  2.2.  Performance  Comparison  of  LBFS  with  FS  and  2FFS 


Workload 

Coefficient  of 

Coefficient  of  Variation  CV 2 

Ratio  LR 

Variation  G'Vj 

[0.5,  0.7] 

[0.9, 1.1] 

[1.5,2] 

FS 

2FFS 

FS 

2FFS 

FS 

2FFS 

[0.5, 0.7] 

0.0 

-17.2 

0.0 

-15.5 

0.0 

-14.0 

[0.6, 0.8] 

[0.9, 1.1] 

0.0 

-17.0 

0.0 

-19.4 

0.0 

-14.9 

[1.5,2] 

0.0 

-16.2 

0.0 

-12.1 

4.1 

-13.1 

[0.5, 0.7] 

1.1 

-3.4 

4.6 

-2.9 

2.2 

-2.1 

[0.9, 1.1] 

[0.9, 1.1] 

0.9 

-4.9 

4.5 

-4.2 

2.3 

0.0 

[1.5,2] 

3.7 

0.0 

4.2 

0.0 

0.0 

0.0 

[0.5, 0.7] 

27.2 

12.8 

24.1 

7.3 

26.7 

11.3 

[1.2, 1.4] 

[0.9, 1.1] 

28.8 

7.9 

34.3 

1.1 

34.1 

14.2 

[1.5,2] 

26.7 

10.8 

34.9 

13.6 

31.8 

13.3 

in  this  case  the  two  environments  have  similar  performance.  When  stage  1 is  over- 
loaded, however,  the  first  stage  becomes  the  bottleneck  and  the  multistation  line  of 
LBFS  forces  (on  the  average)  29.8%  less  idle  time  on  stage  2 as  compared  with  the 
idle  time  forced  on  stage  2 of  FS.  Hence,  irrespective  of  the  variability  in  processing 
times  the  LBFS  environment  performs  significantly  better  than  FS. 

lc)  For  balanced  workloads  between  the  two  stages,  the  difference  in  the  perfor- 
mance of  LBFS  and  FS  is  minor  especially  in  the  presence  of  small  or  large  CV \ 
values  (i.e.  CV 2 G [0.6, 0.8]  |J[1 .2, 1.4]).  When  the  variability  CV \ is  small,  then  since 
LR  G [0.9, 1.1],  the  idle  time  forced  into  stage  2 of  FS  is  minor  and  FS  performs 
nearly  as  well  as  LBFS.  When  CV \ is  large,  then  the  Johnson’s  algorithm  is  able  to 
find  enough  jobs  with  long  stage  2 tasks  so  that  the  total  idle  time  inserted  into  stage 
2 of  FS  is  about  the  same  as  the  idle  time  inserted  into  stage  2 of  LBFS.  However, 
when  CV 2 G [0.9, 1.1]  such  jobs  are  hard  to  find  and  as  a result  the  performance 
difference  of  LBFS  is  more  pronounced. 

We  now  proceed  to  compare  the  performance  of  LBFS  with  the  two  machine  flex- 


ible flowshop  environment: 
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2a)  The  2FFS  environment  performs  better  than  the  LBFS  environment  for  bal- 
anced workloads  as  well  as  for  unbalanced  workloads  with  stage  2 overloaded.  For 
balanced  workloads  across  stages,  the  makespan  performance  improvements  are  in 
the  range  of  0-4.94%  while  for  unbalanced  workloads  where  stage  2 is  overloaded  the 
difference  in  performance  is  in  the  range  of  12.12-19.48%.  For  unbalanced  workloads 
where  stage  1 is  overloaded,  the  LBFS  performs  better  than  the  2FFS  and  the  per- 
formance difference  is  in  the  range  1.1-14.2%.  Specifically  we  have  that  the  average 
percentage  deviation  in  performance  of  the  two  environments  is  1.96%  for  balanced 
workloads  across  the  two  stages,  15.51%  for  unbalanced  workloads  with  lower  work- 
load on  stage  1 and  10.25%  for  unbalanced  workloads  with  lower  workload  on  stage 
2 (as  a reminder,  the  workload  definition  relates  to  the  two  stages  of  a traditional 
flowshop). 

2b)  It  is  evident  that  when  stage  1 is  overloaded  LBFS  is  superior  to  2FFS  while 
2FFS  outperforms  LBFS  when  stage  2 is  overloaded.  Also,  when  2FFS  is  superior, 
the  performance  benefits  realized  are  greater  than  the  benefits  when  LBFS  is  superior. 
This  happens  because  when  stage  2 is  overloaded  the  stage  1 machines  of  LBFS  are 
unable  to  alleviate  the  machine  at  stage  2 which  have  to  stay  idle.  On  the  contrary, 
when  stage  1 is  overloaded,  the  total  workload  is  divided  between  the  two  machines 
of  2FFS  thus  avoiding  unnecessary  idle  time.  This  means  that  the  processing  time 
flexibility  enables  the  2FFS  to  perform  relatively  well  even  in  the  case  where  stage  1 
is  overloaded.  This  observation  along  with  the  fact  that  the  2FFS  environment  has 
one  machine  less  than  the  LBFS  show  that  the  2FFS  environment  is  more  robust 
under  processing  time  uncertainty.  However,  if  LR  >1.2  the  LBFS  is  the  design  of 
choice. 

2c)  Table  2 indicates  that  when  LR  € [0.9, 1.1]  the  2FFS  design  which  consists  of 
only  two  machines,  outperforms  both  LBFS  and  LAFS  designs  that  consist  of  three 
machines.  This  observation  is  contrary  to  the  popular  belief  that  adding  machines 
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to  the  production  system  improves  performance.  It  also  indicates  that  for  balanced 
workloads  it  is  more  profitable  to  invest  in  sophisticated  tool  magazines  than  to  invest 
in  new  equipment. 

Similar  comments  can  be  made  for  the  performance  of  LAFS  versus  FS  and  2FFS. 
Detailed  results  are  reported  in  Table  2.3. 


Table  2.3.  Performance  Comparison  of  LAFS  with  FS  and  2FFS 


Workload 

Coefficient  of 

Coefficient  of  Variation  C\ \ 

Ratio  LR 

Variation  CV\ 

0.5, 0.7 

0.9, 1.1 

[1.5,2 

FS 

2FFS 

FS 

2FFS 

FS 

2FFS 

[0.5, 0.7] 

49.3 

21.7 

40.3 

19.4 

28.2 

10.3 

[0.6, 0.8] 

[0.9, 1.1] 

43.0 

21.8 

38.2 

20.1 

36.4 

15.9 

[1.5,2] 

34.4 

12.5 

41.4 

17.2 

30.4 

15.2 

[0.5, 0.7] 

2.1 

-3.5 

5.3 

-5.3 

4.4 

0.0 

[0.9, 1.1] 

[0.9, 1.1] 

3.5 

0.0 

7.7 

0.5 

0.0 

-2.1 

[1.5,2] 

0.0 

-4.1 

0.0 

-4.0 

0.0 

-2.1 

[0.5, 0.7] 

0.0 

-12.0 

0.0 

-10.8 

0.0 

-14.0 

[1.2, 1.4] 

[0.9, 1.1] 

2.3 

-11.1 

0.0 

-14.2 

0.0 

-12.7 

[1.5,2] 

0.0 

-10.5 

0.0 

-13.7 

0.0 

-12.0 

Since  LBFS  (LAFS)  is  more  appropriate  when  stage  1 (stage  2)  is  overloaded, 
the  process  of  choice  is  immediately  identified  by  knowing  the  value  of  LR.  For  this 
reason,  we  did  not  include  the  comparison  of  LBFS  versus  LAFS  in  our  experiment.  In 
the  table  presented  in  the  next  section  we  provide  comparative  results  for  the  designs 
we  considered  and  link  our  findings  with  the  concept  of  design  for  schedulability. 

2.5  Comparative  Results 

Making  process  choice  decisions  in  environments  with  significant  processing  flex- 
ibility (mostly  due  to  the  presence  of  flexible  machines)  is  a difficult  task.  In  this 
paper  we  compared  the  throughput  performance  of  four  different  process  configura- 
tions for  production  systems  with  two  flexible  production  stages  (a  production  stage 
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might  be  a machine  or  a manufacturing  cell).  Our  base  design  is  the  2-machine  tra- 
ditional flowshop  environment.  Increased  workloads  on  any  of  the  stages  trigger  the 
redesigning  of  the  production  system,  also  known  as  conversion  process.  We  recom- 
mend the  following  three  design  options  as  possible  ways  to  operate  such  flowshop 
environments: 

(a)  A flexible  flowshop  environment,  with  the  two  flexible  machines  being  tooled 
in  a non-identical  fashion.  The  processing  flexibility  across  stages  is  exploited  by 
allowing  some  of  the  jobs  to  be  processed  completely  on  only  one  of  the  machines 
while  for  others  the  production  task  is  split  between  the  two  machines.  As  a result, 
the  flexible  flowshop  assumes  that  each  of  its  two  machines  is  equipped  with  sophisti- 
cated tool  magazines.  The  production  planning  task  for  the  flexible  flowshop  is  more 
involved  than  that  of  the  traditional  flowshop  as  the  production  tasks  of  each  job 
have  to  be  allocated  to  the  two  machines  and  then  be  appropriately  scheduled.  For 
workloads  in  the  range  0.9  < LR  < 1.1,  it  is  more  important  to  invest  in  the  tool 
magazine  than  to  invest  in  an  extra  machine  for  the  first  or  second  stage. 

(b)  A flexible  look-behind  flowshop  environment,  with  the  two  flexible  machines 
at  stage  1 being  tooled  in  an  identical  fashion.  This  environment  materializes  impor- 
tant benefits  over  the  traditional  flowshop  in  the  case  where  LR  >1.2  but  it  comes 
in  the  expense  of  more  complicated  routing  control  and  production  scheduling. 

(c)  A flexible  look-ahead  flowshop  environment,  with  the  two  flexible  machines  at 
stage  2 being  tooled  in  an  identical  fashion.  Switching  to  this  design  is  justified  in 
case  that  LR  < 0.8  and  it  requires  more  sophisticated  routing  control  and  production 
scheduling. 

To  keep  our  summary  of  the  results  of  the  paper  at  a brief  level,  we  refer  the 
reader  to  a table  of  comparative  results  for  the  four  environments  (see  Table  2.4). 
These  results,  mostly  supported  by  the  computational  study  of  Section  2.4,  can  be 
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used  by  the  production  manager  as  guidelines  for  making  process  choice  decisions  in 
flexible  manufacturing  environments. 


Table  2.4.  Comparative  Results  for  Alternative  Two-Stage  Process  Configurations: 
Flowshop  (FS),  Flexible  Flowshop  (2FFS),  Look-Behind  Flowshop  (LBFS)  and  Look- 
Ahead  Flowshop  (LAFS) 


Dimensions 
of  Comparison 

Process  Configuration 

Flowshop 

(FS) 

Flexible  Flowshop 
(2FFS) 

Look-Behind 
Flexible  Flowshop 
(LBFS) 

Look-Ahead 
Flexible  Flowshop 
(LAFS) 

Number  of  machines 

Two 

Two 

Three 

Three 

Mode  of  flexibility 

Unidirectional 

Routing 

Processing 

Flexibility 

Routing  flexibility 
in  stage  1 

Routing  flexibility 
in  stage  2 

Sophistication  of 
tool  magazine 

Low 

High 

Low 

Low 

Characteristics  of 
Environment  that 
favors  its  Throu- 
ghput Performance 

Balanced  workloads 
and  small  or  large 
processing  time  varia- 
tions in  each  machine 

Balanced 

workloads 

with 

0.9  < LR<  1.1 

Unbalanced 

workloads 

with 

LR  > 1.2 

Unbalanced 

workloads 

with 

LR  < 0.8 

It  is  apparent  from  the  above  discussion  that  an  important  factor  for  process  choice 
decisions  is  the  schedulability  of  the  chosen  design.  This  factor  is  further  analyzed  in 
the  next  section. 


2.6  Discussion 

Modern  industry  is  revolutionalized  by  the  concept  of  design  for  flexibility  ana- 
lyzed in  detail  by  Luggen  (1991),  Maleki  (1991).  However,  the  performance  benefits 
realized  by  increased  system  flexibility  come  in  the  expense  of  significant  capital  in- 
vestment, more  involved  routing  control  and  more  complicated  production  scheduling. 
It  is  unrealistic  to  believe  that  the  issue  of  productivity  is  resolved  instantaneously 
by  super-flexible  designs.  In  managing  flexible  designs,  the  issue  of  scheduling  is  a 
serious  short  term  (hours-minutes)  concern  to  the  manager  of  the  shop  floor.  Flexible 
designs  that  are  difficult  to  schedule  not  only  require  a lot  of  time  and  effort  to  be 
managed  but  also  incur  logistic  costs.  For  these  reasons  a manager  should  balance  the 
benefits  of  flexibility  with  the  ease  of  schedulability.  This  last  statement  is  the  essence 
of  the  concept:  design  for  schedulability. 

A nice  analog  of  the  flexibility  mid  schedulability  of  production  systems  can  be 
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Figure  2.2.  Analogies  between  Flexible  Designs  and  Computer  Systems 


given  by  the  hardware  and  software  of  computer  systems.  In  a computer  system  the 
hardware  aspect  remains  almost  unchanged  throughout  the  useful  life  of  the  system; 
just  like  the  machines  of  a production  system.  Technological  advances  can  usually 
improve  the  performance  of  a flexible  design  or  a computer  by  a small  factor.  As 
is  usually  the  case,  however,  emerging  technologies  provide  advanced  flexible  designs 
and  computers  that  render  previous  technologies  significantly  inferior. 

On  the  other  hand,  the  schedulability  of  a flexible  design  resembles  the  software 
aspect  of  computer  systems.  An  algorithmic  breakthrough  for  some  problem  pro- 
vides solutions  that  are  much  faster  and  accurate  than  a breakthrough  in  computer 
technology.  Similarly,  new  results  in  scheduling  theory  have  greater  impact  towards 
improving  the  performance  of  a design,  more  so  than  any  minor  modification  of  the 
design  can  have.  In  addition,  advances  in  scheduling  theory  are  much  more  often 
than  advances  in  the  design  of  flexible  systems,  just  like  advances  in  software  are 
much  more  often  than  advances  in  hardware. 
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The  advances  of  hardware  and  software  aspects  of  computer  systems  through  time 
are  usually  graphed  as  in  Figure  2.2a.  The  above  discussion  shows  that  a similar  graph 
governs  the  technological  advances  of  the  design  and  scheduling  aspects  of  production 
systems  (see  Figure  2.2b). 

2.7  Conclusion 

In  this  paper  we  address  the  scheduling  problem  in  look-behind  and  look-ahead 
flexible  flowshops  which  is  magnified  as  compared  with  the  traditional  flowshop  envi- 
ronment. Although  the  LBFS  and  LAFS  environments  treated  in  this  paper  possess 
significant  flexibility,  the  theory  developed  in  Section  2.3  resolves  the  issue  of  schedul- 
ing for  these  environments  by  finding  fast  heuristics  that  have  negligible  optimality 
gap.  As  a result  the  LBFS  and  LAFS  designs  become  more  attractive  and  more  ac- 
cessible to  managers  that  have  to  choose  their  production  system.  We  compare  LBFS 
and  LAFS  with  several  other  2-stage  flowshop  designs  in  order  to  find  the  production 
characteristics  that  favor  each  design.  Our  experiments  lead  to  a set  of  guidelines 
useful  to  a production  manager  who  has  to  make  process  choice  decisions.  These 
guidelines  hint  that  in  choosing  the  right  production  environment,  the  schedulabil- 
ity  of  the  chosen  design  weighs  very  heavily  into  decision  making.  This  observation 
leads  to  the  novel  concept  of  design  for  schedulability  which  is  discussed  and  given  an 
analog  from  the  hardware  and  software  of  computer  systems. 


CHAPTER  3 

MINIMIZING  MAKESPAN  IN  HYBRID  FLOWSHOPS 


3.1  Introduction 


In  this  chapter  we  introduce  a multiple  stage  flowshop  environment  with  several 
machines  in  each  stage.  We  refer  to  this  design  as  the  hybrid  flowshop  ( HFS ),  see 
Gupta  (1988).  The  HFS  design  has  k stages  each  of  which  consists  of  m,  parallel 
identical  machines,  i = 1, 2, . . . , k.  Jobs  flow  through  from  stage  to  stage  by  utilizing 
any  of  the  machines  in  the  stage  while  satisfying  the  flowshop  constraints  (see  Figure 
3.1).  Evidently,  the  HFS  environment  possesses  significant  routing  flexibility  within 
stages. 


Figure  3.1.  The  hybrid  flowshop  environment 


The  design  just  described  is  frequently  encountered  in  flexible  manufacturing  sys- 
tems (FMS)  (see  Maleki  (1991)  for  detailed  description  of  FMS’s),  where  each  produc- 
tion stage  might  be  either  a flexible  machine  or  a flexible  manufacturing  cell.  Flexible 
machines  are  equipped  with  tool  magazines  that  can  accommodate  up  to  160  different 

tools.  In  case  that  the  tool  magazine  of  all  the  machines  within  a stage  can  carry  a 
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great  number  of  tools,  the  first  operation  of  a job  can  be  processed  by  either  of  the 
machines.  Then,  the  production  system  enjoys  flexibility  within  a stage. 

Flexible  manufacturing  cells  (see  Luggen  (1991))  consist  of  a set  of  flexible  ma- 
chines, able  to  perform  a variety  of  operations.  Each  of  the  manufacturing  cells  is  a 
multistation  line.  For  an  environment  with  k flexible  manufacturing  cells,  the  HFS 
problem  amounts  to  allocating  the  set  of  jobs  to  the  various  lines  of  the  various  cells, 
in  such  a way  that  the  total  idle  time  incurred  by  the  last  cell  in  the  production  line, 
is  minimized.  Such  a requirement  optimizes  the  throughput  performance  as  well  as 
the  machine  utilization  of  the  production  system. 

The  study  of  scheduling  problems  in  flexible  manufacturing  systems  has  attracted 
significant  attention  in  recent  years  including  Afentakis  (1986),  Erschler  et  al.  (1985), 
Ghosh  and  Gaimon  (1992),  Hermann  and  Lee  (1992),  Kouvelis  and  Vairaktarakis 
(1993),  Langston  (1987),  Lee  and  Hermann  (1993),  Lee  and  Vairaktarakis  (1993), 
Shanker  and  Tzen  (1985),  Shriskandarajah  and  Ladet  (1986),  Shriskandarajah  and 
Sethi  (1989),  Stecke  (1985,1992)  and  Wittrock  (1988),  due  to  the  importance  of  such 
systems  for  small-to-medium  batch  manufacturing. 

The  layout  of  this  chapter  is  as  follows.  A formal  definition  of  the  problem  is 
given  in  Section  3.2.  A fast  heuristic  algorithm  H for  the  two  stage  hybrid  flowshop 
problem  and  minimum  makespan  objective  is  developed  in  Section  3.3.1.  We  show 
that  the  worst  case  error  bound  of  H is  relatively  small  and  that  its  average  perfor- 
mance is  very  good.  In  Section  3.3.2  we  extend  H to  the  hybrid  flowshop  with  more 
than  two  stages  and  show  that  the  resulting  algorithm  H'  extends  the  current  best 
error  bound  for  the  traditional  k machine  flowshop  problem,  to  the  general  hybrid 
flowshop  problem.  Closing  remarks  are  made  in  Section  3.4. 
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3.2  Problem  Description  and  Literature  Review 

Consider  a k- stage  flowshop  environment  with  m,  parallel  identical  machines  in 
each  stage,  i = 1,2,  ...,k.  We  refer  to  this  production  environment  as  the  hybrid 
flowshop  ( HFS)  and  we  denote  it  as  FSm A set  J of  n jobs  is  processed  on  the 
above  environment.  Each  job  J,  (E  J consists  of  k tasks;  namely  (i,  1),  (i,  2), . . . , ( i , k) 
with  corresponding  processing  time  requirements  pn,pi2,  ■ ■ ■ ,Pik ■ The  first  stage  task 
of  Ji  can  be  processed  by  either  of  the  m\  first  stage  machines.  Upon  completion  of 
the  (i,  1)  task,  the  (i,  2)  task  can  commence  on  any  of  the  m2  stage  2 machines,  and 
so  on  (see  Figure  3.1).  No  machine  can  process  more  than  one  task  at  a time  and  no 
preemption  is  allowed  for  the  jobs.  Our  objective  is  to  minimize  makespan. 

The  Hybrid  flowshop  or  its  subsystems  are  very  common  production  environments 
of  many  industrial  sectors  that  include  semiconductor  manufacturing  (see  Herrmann 
and  Lee  (1992),  Lee  and  Herrmann  (1993)),  glass  container  industry  (see  Paul  (1979)), 
cable  manufacturing  (see  Narasimhan  and  Panwalker  (1984))  and  others.  The  HFS 
design  is  a generalization  of  the  m parallel  identical  machine  environment  (mP)  where 
it  is  assumed  that  pi2  = ...  = p = 0 for  every  Ji  6 J.  The  mP  environment  has 
been  well  studied  over  the  last  25  years  by  several  researchers.  A review  including 
most  results  in  this  area  is  given  by  Cheng  and  Sin  (1990).  Garey  and  Johnson  (1979) 
have  shown  that  minimizing  makespan  in  the  m P environment  is  W'P-complete. 

Several  special  cases  of  the  2-stage  hybrid  flowshop  problem  have  been  considered 
in  the  literature.  Arthanary  and  Ramaswamy  (1971)  developed  a branch  and  bound 
algorithm  for  FSm,  1 which  is  inefficient  for  problem  sizes  of  more  than  10  jobs.  Several 
heuristic  algorithms  without  worst  case  error  bound  analysis  have  been  proposed  for 
FSmti  and  FSitTn  by  Gupta  (1988),  Gupta  and  Tunc  (1991),  Rao  (1970)  and  others. 
These  heuristics  are  evaluated  by  establishing  a lower  bound  and  then  computing 
the  average  relative  gap  of  the  heuristic  solution  from  the  lower  bound.  However, 
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the  lower  bounds  that  have  been  proposed  for  FSm<i  and  FSiiTn  are  either  trivial  or 
loose. 

Heuristics  accompanied  with  worst  case  error  bound  analysis  are  also  found  in 
literature.  We  tabulate  these  results  in  Table  3.1.  For  each  case  we  report  the 
complexity,  the  worst  case  error  bound,  the  sequence  used  by  the  heuristic  as  well  as 
the  appropriate  reference. 


Table  3.1.  Previous  literature  on  the  2-stage  HFS  problem 


2-Stage  Hybrid  Flowshop  Literature 

Design 

Complexity 

Error  bound 

Sequence  used 

Reference* 

1 x m 

0(n) 

3 — — 

m 

arbitrary 

[57] 

1 x m 

0(n  log  n) 

3_  A + J_ 

Johnson 

[57] 

1 x m 

0(n  log  n ) 

2-  ± 

Johnson^1) 

[43] 

m x 1 

0(n\ogn) 

2 — — 

Johnson*2^ 

[43] 

m x m 

0(mn  log  n) 

3 — — 

Johnson 

[57] 

m x m 

0(mn  log  n) 

I_  3m  — r — 3—  „ 

unspecified 

[57] 

m x m 

0(n) 

3-  -L 

m 

arbitrary 

[40] 

m x m 

0(n  log  n) 

2 

MJO*3) 

[11] 

m x m 

(9(n  log  n) 

5 

2 

SORTAW 

[40] 

m x m 

C?(n  log  n) 

2 

SORTBW 

[40] 

* see  reference  section 


1.  Johnson  with  respect  to  (pa, 

2.  Johnson  with  respect  to  (“Pii,Pi2) 

3.  MJO  is  the  Modified  Johnson’s  order;  see  Buten  and  Shen  (1973) 

4.  SORTA  is  the  shortest  processing  time  order  with  respect  to  p,j 

5.  SORTB  is  the  shortest  processing  time  order  with  respect  to  p, 2 


Since  the  mP  environment  is  a special  case  of  the  HFS,  minimizing  makespan  in 
this  environment  is  AfP-complete  as  well.  Also,  the  traditional  ^-machine  flowshop 
problem  (see  Baker  (1974)),  which  is  a special  case  of  the  hybrid  flowshop,  is  MV- 
complete  in  the  strong  sense  even  for  k — 3 (see  Garey  and  Johnson  (1979)).  These 
observations  direct  our  attention  to  heuristic  algorithms.  This  is  the  focus  of  the  next 


section. 
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3.3  Heuristic  Algorithms  for  the  Hybrid  Flowshop 
3.3.1  Two  Stage  Production 

In  this  subsection,  we  focus  our  discussion  to  the  FSmum2  design.  The  theory 
developed  will  be  extended  to  FSmi,m2,...,mk  design  in  the  next  subsection.  Since 
FSmi}Tn2  is  a hybrid  between  the  multiple  parallel  identical  machine  environment  raP 
and  the  traditional  two  machine  flowshop  FSip,  we  are  motivated  to  develop  heuristic 
algorithms  that  are  hybrids  of  existing  good  algorithms  for  these  two  environments. 
Minimizing  the  makespan  in  FSi}i  is  solved  in  0[n  log  n)  time  by  Johnson’s  algorithm 
which  we  refer  to  as  JA  (see  Johnson  (1954)).  The  JA  algorithm  follows  immediately 
from  the  rule:  Job  ji  precedes  job  j:  min{p,i,pj2}  < min{pji , p,2 } . 

Most  successful  heuristics  for  the  mP  environment  utilize  an  ordering  S of  the  jobs 
along  with  the  first  available  machine  rule  ( FAM ).  According  to  the  first  available 
machine  rule,  the  job  to  be  scheduled  next  in  the  mP  environment,  is  assigned  to 
the  first  machine  that  becomes  available  i.e.  the  machine  that  finishes  first  the  job 
(if  any)  previously  assigned  to  it.  Depending  on  the  order  S,  the  above  heuristic 
produces  different  solutions. 

In  the  following  we  develop  a mirror  image  of  the  FAM  rule  and  call  it  last  busy 
machine  rule  ( LBM ).  This  rule  will  be  used  later  to  assign  jobs  to  the  second  stage 
machines.  Given  a constant  T > 0 and  an  ordering  S of  jobs  where  each  job  j has  a 
specified  processing  time  pj,  a description  of  the  rule  is  given  next. 

LBM  rule: 


Step  1.  Set  tm  :=  T for  m = 1, . . . , m2. 

Step  2.  Let  j be  the  last  unscheduled  job  of  S and  m a machine  with  largest  tm.  Schedule 
job  j on  machine  m to  finish  at  time  tm. 

Step  3.  Set  tm  tm  — pj  and  S S — {j}.  If  S'  / 0 then  goto  Step  2 else  Stop. 
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Remark:  The  value  of  tm  is  the  time  that  machine  m becomes  busy.  In  Step  2 we 
assign  the  job  j to  the  machine  with  largest  tm,  i.e.  the  last  busy  machine.  Hence 
we  call  this  rule  the  last  busy  machine  rule.  Also,  note  that  the  value  of  T is  only 
a reference  point  and  has  no  effect  on  the  allocation  of  jobs  to  machines.  With  this 
background  we  can  present  the  following  heuristic  which  uses  the  Johnson’s  order  in 
conjunction  with  the  FAM  and  LBM  rules. 

Heuristic  H : 

Step  1.  Apply  JA  with  respect  to  the  processing  times  {(~Pti>  ^Pa)  : z = 1,2,...  ,n}. 
Let  S be  the  resulting  sequence. 

Step  2.  Apply  the  FAM  rule  on  the  stage  1 tasks  of  the  sequence  S 

Step  3.  Apply  the  LBM  rule  on  the  stage  2 tasks  of  the  sequence  S 

Step  4.  On  each  stage  2 machine  m,  reorder  the  tasks  assigned  to  m (during  Step  3) 
according  to  nonincreasing  completion  times  of  the  corresponding  stage  1 tasks. 
Let  Sm  be  the  resulting  order  for  m = 1, 2, . . . , m2. 

Step  5.  On  each  stage  2 machine  m,  schedule  the  tasks  in  Sm  in  this  order,  as  soon  as 
possible 

At  Step  1 of  H a sequence  S of  jobs  is  produced,  at  Step  2 an  assignment  of  (*,  1) 
tasks  on  the  first  stage  machines  is  made  and  at  Steps  3,4  and  5 the  tasks  of  stage 
2 are  scheduled.  In  particular,  Step  3 determines  which  tasks  will  be  processed  by 
each  stage  2 machine,  Step  4 determines  the  order  of  stage  2 tasks  within  a stage 
2 machine  and  Step  5 proceeds  with  the  scheduling  of  the  stage  2 tasks  on  stage  2 
machines.  Since  JA  requires  O(nlogn)  time,  this  is  also  the  computational  effort 
required  by  H. 

Example:  Consider  the  case  mi  = m2  = 2 and  a set  of  5 jobs  with  processing  time 
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requirements  (1,3),  (1,4),  (2,4),  (3,6)  and  (6,2).  The  jobs  are  already  written  according 
to  Johnson  s order.  The  Gantt  chart  of  an  application  of  H on  this  example  is  given 
in  Figure  3.2. 
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Figure  3.2.  The  Gantt  chart  of  an  application  of  H 

The  next  lemma  will  be  used  in  finding  the  error  bound  of  H . For  this  lemma  we  in- 
troduce the  following  auxiliary  problem.  Replace  the  first  stage  machines  ran,  ra2i, . . . , 
Tnm1,i  by  a dummy  machine  M\  and  replace  the  processing  time  requirement  of  pn 
units  on  one  of  ran,ra2i,. . . ,rami)1  by  the  requirement  of  ~pn  units  on  Mj.  Simi- 
larly, replace  the  second  stage  machines  raj2,  ra22, . . . , ram2j2  by  a dummy  machine  M2 
and  replace  the  processing  time  requirement  of  pi2  units  on  one  of  rai)2,  ra2)2, . . . , ram2i2 
by  the  requirement  of  ^pt2  units  on  M2.  This  way  we  define  an  auxiliary  2-machine 
flowshop  problem  on  M\,  M2.  We  will  refer  to  this  problem  as  AFS. 

Lemma  2 Let  Cj_,g  be  the  completion  time  found  by  JA  for  the  auxiliary  problem. 
Then,  CLB  < CFSmi<m2. 

Proof,  Consider  an  optimal  solution  S*  for  FSmi,m2 ■ Let  S = { Ju  J2, . . . , J„}  be  the 
set  of  jobs  ordered  in  nondecreasing  order  of  completion  times  of  the  stage  1 tasks  in 
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S*.  Consider  the  partial  schedule  of  S*  consisting  of  the  first  i stage  1 tasks  of  S and 
the  last  n — i -(-  1 stage  2 tasks  of  S.  Since  in  S * the  last  n — i + 1 stage  2 tasks  of  S 
start  no  earlier  than  the  completion  time  of  the  first  i stage  1 tasks  of  S (due  to  the 
flowshop  constraints),  we  have  that 

C'FSmi  ,m2  > — TPil  + — Y ]pj2  for  every  1 < i < n. 

1 * m\  z— ' m2 

J=1  .7  = 1 

For  the  AFS  problem  (where  the  processing  time  requirements  for  J,  are  (~P«i,  ~ 
Pii)),  schedule  the  jobs  according  to  sequence  S.  Let  Cs  be  the  resulting  makespan. 
Then,  it  is  clear  that 

1*°  1 ” 

Cs  = — Pi1  + — S 

m i ' m2 

J = 1 J=»  0 

where  J,0  is  the  last  job  whose  stage  2 task  starts  immediately  after  the  completion  of 
the  corresponding  stage  1 task  (note  that  such  a task  always  exists;  since  Ji  satisfies 
this  property). 

Combining  the  last  two  expressions  we  get  that  Cs  < Cpsmi  m2  • However,  the 
sequence  S is  not  necessarily  optimal  for  the  AFS  problem  and  hence  Clb  5:  Cs- 
The  last  two  relations  establish  that  Clb  < C^Sm,  m2-  This  completes  the  proof  of 
the  lemma.  □ 

Remark:  Clb  is  the  makespan  found  by  applying  JA  to  the  AFS  problem.  Lemma 
2 shows  that  Clb  is  also  a lower  bound  for  the  FSm ljm2  problem.  This  is  the  reason 
for  using  the  notation  Clb  rather  than  Cafs- 

The  following  theorem  establishes  the  worst  case  performance  of  H.  Let  Ch  be 
the  makespan  value  obtained  by  H . 

Theorem  6 Cp^  — < 2 — where  m — max{mi,m2},  and  the  bound  is  tight. 

Proof.  Let  S = { J\,  J2, . . . , Jnj  be  the  order  obtained  at  Step  1 of  H.  After  the 
scheduling  of  stage  1 tasks  at  Step  2,  the  completion  time  of  the  first  task  of  J;,  say 


for  every  1 < i < n,  because  the  FAM  rule  is  used  for  stage  1 tasks. 

At  Step  3 of  H,  suppose  that  the  LBM  rule  is  applied  on  the  stage  2 tasks  with 
respect  to  T :=  (2  — ^)CFsmi  ,m2  • Let  s,  be  the  starting  time  of  the  stage  2 task  of  J, 
upon  completion  of  Step  3.  We  will  show  that  C,  < s,  for  all  i.  This  will  imply  that 
if  we  assign  jobs  to  stage  1 machines  by  the  FAM  rule  and  jobs  to  stage  2 machines 
by  the  LBM  rule  and  then  shift  all  the  jobs  in  the  second  stage  machines  to  the  left 
as  much  as  possible  without  violating  the  flowshop  constraints,  then  the  makespan  of 
the  schedule  will  not  exceed  (2  — — )Cfs 

To  see  that  st-  > C,-  note  that  for  every  1 < i < n 


>i>T-— T>-j- 


m2  ' 

J=* 


m2  — 1 
m2 


-Pi2 


for  every  1 < * < n,  because  the  LBM  rule  is  used  for  stage  2 tasks.  Then, 


* - c,  > (2  - I)cF5„,  „ - — T m - 

m 1 * m2  ' 

j=i 


m2  — 1 


1 

~P>2 > Pjl  - 

m2  mi  > ' 

j=i 


mi  — 1 
m,\ 


-Pii- 


Note  that 


1 * i n 

— X'  Pji  + — V Pj 2 < < CFsmiim2  for  every  1 < i < n 

1711  m2 


as  we  showed  in  the  proof  of  Lemma  2.  Also, 


mi  - 1 m2-l  m — 1 

-p.i  H — Pi2  S \Pi\  + Pi2)  where  m - max{mi,m2j 


m i 


m2 


m 
m — 1 


— ™ ^ FSmi,m2  • 


Hence, 

777  — 1 

— Ci>T-(l  + - )CFSmi>m2  =0. 

m 12 

Therefore,  the  schedule  produced  by  concatenating,  as  described  above,  the  partial 
schedules  of  Step  2 and  Step  3 has  a makespan  no  greater  than  (2  — T )CFsmi  m2-  It 
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is  easy  to  check  that  Steps  4 and  5 can  only  improve  the  makespan  performance  of 
the  above  schedule.  This  completes  the  upper  bound  performance  of  H . 

To  see  that  the  bound  of  2 — ^ is  tight  for  H,  consider  the  case  where  pj2  = 0 for 
all  jobs.  Then  the  heuristic  H reduces  to  the  RDM  list  scheduling  heuristic  studied 
by  Graham  (1966)  which  has  a tight  worst  case  error  bound  of  2 — In  a problem 
where  pj2  — 0 for  all  jobs  and  mi  > m2  the  error  bound  of  2 — ^ is  tight  for  the 
heuristic  H.  This  completes  the  proof  of  the  theorem.  □ 

We  would  like  to  compute  the  average  deviation  of  H from  the  optimal  solution 
of  FSmum2.  In  light  of  Lemma  2,  we  perform  a computational  experiment  where  we 
compute  the  average  relative  gap  of  H,  from  the  lower  bound  Clb-  This  can  be  done 
very  efficiently  since  both  of  Clb,Ch  can  be  computed  in  polynomial  time.  In  order 
to  get  tight  relative  gaps  we  will  develop  four  more  lower  bounds  which  along  with 
Clb  are  going  to  be  used  for  our  comparisons. 

In  the  optimal  solution  S*  for  FSmum2,  there  must  be  idle  time  on  the  stage 
2 machines  due  to  the  flowshop  constraints  of  the  first  job  of  each  of  the  stage  1 
machines.  We  distinguish  the  following  two  cases: 

Case  i:  mi  > m2 

Suppose  that  J1,  J2, . . . , Jn  is  the  order  of  jobs  in  nondecreasing  order  of  stage  1 
processing  times,  with  corresponding  processing  times  pjij, . . . ,pj",i.  It  is  clear  that 
because  of  the  flowshop  constraints  there  will  be  at  stage  2 a machine  with  idle  time 
no  less  than  pjiy\,  a machine  with  idle  time  no  less  than  pj2ti,  . . .,  a machine  with 
idle  time  no  less  than  pjm2  j.  As  a result,  the  optimal  makespan  cannot  be  less  than 
the  average  workload  plus  the  necessary  idle  time  of  stage  2,  i.e. 


C p's 

1 ,77*2  — 


£”=1  Pj*,i  + £,”=1  Pa 


m2 


Case  ii:  mi  < m2 


Similarly,  in  this  case  there  must  be  at  stage  2 a machine  with  idle  time  no  less 
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than  pji'i,  . . .,  a machine  with  idle  time  no  less  than  pjm i x.  The  remaining  m2  — mi 
stage  2 machines  cannot  become  operating  until  at  least  two  tasks  have  been  processed 
at  stage  1.  Since  the  shortest  m\  stage  1 tasks  are  already  considered,  there  must 
exist  at  stage  2 a machine  with  idle  time  no  less  than  pjmj+i  x + pji}\,  ■ ■ .,  a machine 
with  idle  time  no  less  than  pjm2  } + pjit\.  Therefore, 


C 


FS, 


mj  ,m2 


> E£i  PJM  + (m2  - mQpji,!  + X)"=1  pi2 

m2 


Let  us  define  Pfc;S  to  be  the  summation  of  the  k shortest  stage  s tasks,  s = 1,2. 
Then, 

Pm2,l  + Pn,2 


LBX  = 


m2 


is  a lower  bound  for  Cfs mi  ,„2  when  mi  > m2,  and 

Pttl2  ,1  + (m2  - mi)Pu  + PU}2 


LBo  = 


m2 


is  a lower  bound  for  CFsm,,m2  when  < m2. 

To  improve  these  bounds  we  can  use  the  symmetry  of  the  two-stage  hybrid  flow- 
shop.  Interchange  the  roles  of  stage  1 and  stage  2 and  let  the  tasks  p,-2,p,i  play  the  role 
of  stage  1 and  stage  2 processing  times  respectively.  Then,  the  makespan  associated 
with  any  sequence  S for  the  two  stage  hybrid  flowshop  problem,  equals  the  makespan 
associated  with  the  reverse  sequence  of  S for  the  symmetric  of  the  two  stage  hybrid 
flowshop  problem.  Then,  we  can  derive  the  symmetric  lower  bounds 


rD  -Prill  ,1  + (ml  — rn2)Pl,2  + Pn,l  r ^ 

L±>3  = ij  mi  > m2, 


LB 4 = 


m i 

Pm\  ,2  T Pn,  1 

nii 


i f tyi\  < m2. 


Summarizing  our  results  we  have  the  following  lower  bounds: 


f B = / max{LB1,LB3,CLB}  if  mi  > 
\ max{L52,  LB4,  Clb]  if  mi  < 


m2; 

m2 
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It  is  not  difficult  to  see  that  none  of  Clb,  LBi,  LB2,  LB3,  LB4  dominates  the  other. 
However,  the  previous  best  known  lower  bounds  of  P\ti  + and  _Pii2  + (see 
Gupta,  1988)  for  the  two  stage  hybrid  flowshop  problem  are  dominated  by  LBX , LB3 
respectively  (and  LB2,LB4  respectively). 

In  Table  3.2  we  report  the  relative  gap  Cllc^BLB  100%.  We  report  the  average  and 
worst  case  relative  gap  for  different  problem  sizes  and  processing  time  ratios.  We 
consider  the  problem  sizes  2 x 4,  4 x 4 and  4x2,  with  30,  40  and  50  jobs.  The 
processing  time  ratios  reported  are  2 : 4,  4 : 4,  4 : 2.  For  example,  a ratio  2 : 4 means 
that  the  processing  time  of  (i,  1)  is  chosen  randomly  from  a uniform  distribution  on 
[1, 20]  and  the  processing  time  of  (z,  2)  is  chosen  randomly  from  a uniform  distribution 
on  [1,40].  This  results  to  27  ratio/size  combinations.  For  each  combination  we  report 
the  average  relative  gap  over  50  randomly  selected  problems.  Thus,  we  solved  a total 
of  1350  problems. 


Table  3.2.  Relative  gap  of  H from  the  lower  bound  Clb- 


100% 

O'  T.  R 

mi  x m2 

2x4 

4x4 

4x2 

2x4 
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4x2 

2x4 

4x4 
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E,- 

Pii  : E; 
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size 

2 : 4 

4 : 4 

4 : 2 

30 

1.8 

1.6 

0.9 

1.9 

2.9 

0.5 

1.6 

3.5 

2.6 

40 

1.2 

1.0 

0.5 

1.3 

2.6 

0.4 

1.4 

2.9 

2.2 

50 

0.8 

0.4 

0.2 

0.9 

2.3 

0.3 

1.1 

2.7 

1.7 

Average 

1.2 

1.6 

0.5 

1.3 

2.6 

0.4 

1.3 

3.0 

2.2 

Table  3.2  suggests  that  the  average  relative  gap  for  the  FS24  design  is  very  small 
(1.2%  on  the  average).  Our  heuristic  exhibits  similar  performance  for  all  3 values  of 
the  workload  ratio  that  we  tested.  For  the  FS 4i2  design  the  heuristic  H exhibits  an 
average  relative  gap  of  2.2%  for  the  workload  ratio  4:2  where  stage  2 is  underloaded, 
while  the  corresponding  gap  for  the  ratios  2:4  and  4:4  is  negligible.  For  the  FS44 
design  the  values  of  the  average  relative  gap  are  slightly  bigger  (2.4%  on  the  average). 
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The  average  relative  gap  over  all  27  combinations  is  1.6%. 

The  above  observations  suggest  that  scheduling  in  a hybrid  flowshop  becomes  more 
difficult  as  the  total  number  of  machines  increases.  Note  that  when  the  workload 
of  stage  1 is  at  least  as  big  as  that  of  stage  2,  the  average  relative  gaps  tend  to 
assume  greater  values  which  reflects  suboptimal  stage  1 scheduling  on  the  part  of  the 
heuristic.  This  can  be  explained  from  the  fact  that  significant  suboptimality  due  to 
stage  1 scheduling  can  be  magnified  by  suboptimality  of  the  scheduling  of  stage  2 
tasks.  Also,  the  average  relative  gap  decreases  as  the  number  of  jobs  increase. 

3.3.2  A Heuristic  for  the  Hybrid  Flowshop 

The  hybrid  flowshop  is  a generalization  over  the  parallel  identical  machine  envi- 
ronment and  the  flowshop  environment.  These  characteristics  are  captured  by  the 
heuristic  H since  for  m\  = m?  = 1 our  heuristic  reduces  to  Johnson’s  algorithm  and 
- = 1.  Also,  if  the  hybrid  flowshop  consists  of  one  stage  only,  then  it  reduces 
to  the  parallel  identical  machine  environment  and  H reduces  to  the  list  scheduling 
heuristic  for  mP  proposed  by  Graham  (1966).  In  what  follows  we  describe  a heuristic 

algorithm  H'  for  the  general  FSm ]>m2 mk  problem.  The  heuristic  H'  utilizes  H and 

assumes  that  the  number  k of  stages  is  even  (otherwise  we  can  introduce  a dummy 
stage  with  zero  machines). 

Heuristic  H' : 


1.  Apply  H on 


12  - 

i,  z, . . . , 2 


stages  2r  — l,2r  and  let  Sr  be  the  resulting  schedule,  for  r = 


2.  Concatenate  the  schedules  ST , for  r = 1,2,...,  |.  Eliminate  all  idle  time  be- 
tween stage  1 tasks.  Eliminate  unnecessary  idle  time  between  stage  2 tasks. 


The  complexity  of  //'  is  0(kn  log  n).  The  next  theorem  finds  a bound  to  the  error  of 
H'. 
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Theorem  7 


CFS„ 


CH' 

>1  ,n»2  t-'-tTrifc 


<k- 


i 


l 


max{mi,m2}  max{m3,m.j} 


max{mfc_j,m*} 


Proof-  Let  C*  be  the  optimal  makespan  for  stages  2r  — 1, 2 r.  Then,  by  Theorem  6 we 
have  that 


Ch'<(2-—  , )g,*  + (2- , l - ,)C;  + ...  + (2- 


1 


max{mi,m2} 


max{ra3,  m4} 


, — \)C±- 

max{m*_i,  m*,}  2 


Clearly,  C*r  < CFSmi  ,m2 for  r = 1, 2, . . . , f . Then, 


Cjf 


<k- 


^FSm  max{?n1,m2}  max{m3,m4}  ' max{mt_i,mt} 

This  completes  the  proof  of  the  theorem.  □ 

The  above  theorem  is  linked  with  existing  theory  for  the  flowshop  problem  as 
follows.  If  m4  - m2  = . . . = m*,  = 1 then  the  hybrid  flowshop  reduces  to  the 
traditional  ^-machine  flowshop.  In  this  case, 


Ch'  <f|l- 


CFShh...tl 

The  latter  bound  coincides  with  the  bound  of  Gonzalez  and  Sahni  (1978),  which  to 
the  best  of  our  knowledge,  is  the  best  existing  error  bound  for  the  ^-machine  flowshop 
problem. 

Several  cases  where  the  error  bound  of  H'  is  tight  are  known.  The  tightness  of 
the  fc-machine  flowshop  for  k = 3,4  is  given  in  Gonzalez  and  Sahni  (1978).  In  case 
that  the  hybrid  flowshop  consists  of  only  two  stages,  the  tight  examples  given  in  the 
previous  section  provide  tight  examples  for  the  hybrid  flowshop  as  well.  If  the  hybrid 
flowshop  consists  of  one  stage  only,  then  H'  reduces  to  RDM  which  as  we  mentioned 
earlier  has  a tight  error  bound  of  2 — . 

0 mi 


3.4  Conclusion 


In  this  research  we  considered  the  problem  of  minimizing  makespan  in  a hybrid 
flowshop.  First  we  considered  the  case  of  two  stage  production  for  which  we  developed 
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a heuristic  H which  significantly  improves  all  known  error  bounds  for  special  cases  of 
the  problem  and  also  extends  the  current  best  error  bound  for  the  designs  FSmti  and 
FSitm  which  we  presented  in  Chapter  2.  Based  on  the  heuristic  H we  developed  a 
heuristic  H'  for  the  general  problem  with  more  than  two  stages.  We  performed  error 
bound  analysis  on  H'  which  shows  that  the  current  best  error  bound  for  the  fc-stage 
traditional  flowshop  is  attained  by  H\  thus  relating  the  results  of  this  chapter  with 
existing  results  on  related  problems.  Our  future  research  will  focus  on  the  implications 
of  the  routing  control  structure  between  adjacent  stages  to  the  makespan  performance 
of  the  hybrid  flowshop. 


CHAPTER  4 


THE  TWO-STAGE  FLEXIBLE  FLOWSHOP  ENVIRONMENT 

4.1  Introduction 

This  chapter  addresses  a scheduling  problem  for  a two  stage  production  environ- 
ment with  significant  processing  flexibility  across  production  stages.  We  refer  to  this 
environment  as  a two  stage  ‘flexible’  flowshop;  for  convenience  in  our  further  discus- 
sion we  use  the  abbreviated  term  2FFS.  A job  can  be  either  completely  processed  at 
one  of  the  stages  or  its  processing  is  split  in  a prespecified  fashion  between  the  two 
stages.  For  the  latter  case  the  routing  is  in  only  one  direction,  from  the  ‘upstream’ 
stage  to  the  ‘downstream’  stage,  which  preserves  the  routing  structure  of  a tradition- 
ally defined  flowshop  (see  Baker  (1974)).  We  are  assuming  the  presence  of  adequate 
storage  space  between  the  two  stages. 

The  flexible  flowshop  environment  just  described  is  frequently  encountered  in  flex- 
ible manufacturing  systems  (FMS)  (see  Maleki  (1991)  for  detailed  description  of 
FMS’s),  where  each  production  stage  might  be  either  a flexible  machine  or  a flex- 
ible manufacturing  cell.  Flexible  machines  are  designed  with  large  tool  magazines 
that  can  accommodate  a great  variety  of  tools  (up  to  120  different  tools).  Depending 
on  the  tool  assignment,  the  flexible  machine  can  perform  a number  of  different  tasks 
and  in  many  cases  can  complete  all  the  required  operations  of  a job.  The  processing 
flexibility  of  such  machines  is  accurately  depicted  in  our  flexible  flowshop  description 
as  the  operations  of  a job  could  be  performed  by  either  of  the  two  machines  or  the  op- 
erations of  the  job  could  be  split  between  the  two  machines.  Flexible  manufacturing 

cells  (see  Luggen  (1991))  consist  of  a set  of  flexible  machines,  with  not  necessarily  all 
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of  them  being  identically  tooled,  able  to  perform  a variety  of  operations.  For  an  envi- 
ronment with  two  flexible  manufacturing  cells,  our  flexible  flowshop  problem  amounts 
to  deciding  on  how  to  allocate  a set  of  jobs  between  the  two  cells,  with  the  additional 
option  of  some  jobs  allowed  to  be  split  between  the  two  cells  while  preserving  a fixed 
routing  from  the  upstream  cell  to  the  downstream  one. 

The  problem  can  be  also  motivated  for  environments  with  dedicated  parallel  lines 
allowed  to  share  resources  for  the  processing  of  some  jobs.  Such  an  environment  is 
described  in  Figure  4.1. 


Figure  4.1.  A Flexible  Flowshop  Implementation  in  a Parallel  Line  Environment 


stage  m\ 


stage  m 2 


Each  one  of  the  production  stages  is  a multistation  line.  A job  can  be  either  pro- 
cessed completely  on  one  of  the  lines  or  the  first  few  processing  steps  are  performed 
on  line  mi  (the  upstream  line)  and  the  remaining  steps  are  processed  on  line  m2  (the 
downstream  line).  Such  flexible  flowshop  examples  can  be  found  in  electronic  assem- 
bly line  environments,  where  the  flexibility  of  the  automatic  component  placement 
machines  allows  the  manager  to  operate  the  lines  in  a dedicated  or  shared  resources 
mode. 

The  study  of  scheduling  problems  in  flexible  manufacturing  and  assembly  systems 
has  attracted  significant  attention  in  recent  years  (see  Afentakis  (1986),  Erschler  et 
al.  (1985),  Hermann  and  Lee  (1992),  Lee  et  al.  (1993),  Lee  and  Hermann  (1993), 
Shanker  and  Tzen  (1985),  Shriskandarajah  and  Ladet  (1986),  Shriskandarajah  and 
Sethi  (1989),  Stecke  (1985),  Wittrock  (1988),  Stecke  (1992)  and  Ghosh  and  Gaimon 
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(1992))  due  to  the  importance  of  such  systems  for  small-to- medium  batch  manufac- 
turing. Part  of  the  above  research  literature  evaluates  the  performance  of  algorithms 
which  schedule  parts  through  a manufacturing  system  referred  to  also  as  a ‘flexible 
flowshop’  (see  Shriskandarajah  and  Ladet  (1986),  Shriskandarajah  and  Sethi  (1989) 
and  Wittrock  (1988)).  We  would  like  to  clearly  point  out  the  different  use  of  the  term 
in  this  chapter  with  that  in  the  above  literature.  The  previously  described  in  the  lit- 
erature ‘flexible  flowshop’  environments  are  multistage  production  environments  with 
multiple  identical  parallel  machines  at  each  stage.  The  flexibility  of  these  environ- 
ments is  derived  from  the  ability  to  process  a job  on  anyone  of  the  parallel  machines 
at  a stage  (processing  flexibility  within  a production  stage),  while  the  flexibility  of 
our  described  environment  is  a consequence  of  the  fact  that  the  job,  or  a part  of  it, 
could  be  processed  on  anyone  of  the  production  stages  (processing  flexibility  across 
production  stages).  The  common  characteristic  of  all  of  the  environments  referred  to 
as  flexible  flowshops  is  the  preservation  of  the  strict  routing  structure  of  the  tradi- 
tional flowshop  environment,  with  parts  being  routed  from  an  ‘upstream’  stage  to  a 
‘downstream’  stage. 

The  class  of  flexible  flowshops  with  processing  flexibility  across  production  stages, 
to  the  best  of  our  knowledge,  has  not  been  studied  in  the  research  literature  before. 
In  this  chapter  we  concentrate  on  the  scheduling  problem  of  the  two  stage  flexible 
flowshop  with  makespan  minimization  objective.  A formal  definition  of  the  problem 
and  properties  of  optimal  2FFS  schedules  are  provided  in  Section  4.2.  We  present  a 
pseudopolynomial  dynamic  programming  algorithm  for  the  solution  of  the  problem 
in  Section  4.3. 

The  two  stage  flexible  flowshop  environment,  as  defined  in  this  chapter,  can  be 
thought  as  a generalization  of  the  two  machine  traditional  flowshop  and  the  two 
identical  parallel  machine  environment  (see  further  discussion  on  it  in  Section  4.2.1). 
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Motivated  by  this  observation,  we  proceed  to  use  algorithms  developed  for  the  solu- 
tion of  flowshop  or  parallel  machine  scheduling  problems  as  heuristics  for  the  2FFS 
environment.  In  Section  4.4.1  we  modify  a parallel  machine  heuristic  to  better  de- 
pict the  characteristics  of  the  2FFS  scheduling  problem  and  prove  that  the  resulting 
heuristic  has  a worst  case  error  bound  of  1.5.  In  Section  4.4.2  we  analyze  the  perfor- 
mance of  Johnson’s  algorithm  (Johnson  (1954))  when  applied  as  a heuristic  for  the 
2FFS  scheduling  problem  and  prove  that  its  worst  case  error  bound  is  2.  In  Section 
4.5  we  perform  a computational  study  of  the  effects  of  important  characteristics  of 
the  production  environment  (in  particular,  stage  workloads  and  variation  among  pro- 
cessing times  of  the  jobs  at  each  stage)  on  the  performance  of  the  2FFS,  two  machine 
flowshop  and  two  parallel  machine  environments.  This  study  allows  us  to  state  in 
Section  4.6  managerial  guidelines  for  the  selection  of  the  appropriate  production  pro- 
cess among  the  three  that  we  analyzed  based  on  the  job  characteristics  processed  by 
the  production  system. 

4.2  The  Two  Stage  Flexible  Flowshop  Problem 
4.2.1  Problem  Description 

A set  of  jobs  J = {j’i,j2, . . . , jn}  is  given  and  every  job  j,  consists  of  two  tasks, 
namely  ( z , 1 ) and  (i,  2),  with  processing  time  requirements  p,j  and  p,2  respectively. 
All  jobs  are  assumed  to  be  available  at  time  zero  and  no  preemption  is  allowed  for 
the  tasks.  The  jobs  in  J are  to  be  processed  in  a two  stage  flowshop  which  has  the 
following  type  of  processing  flexibility.  Every  job  j,-  can  be  processed  entirely  on  the 
upstream  stage  m\  for  p,  = pn  + p,2  periods  or  entirely  in  the  downstream  stage  m2 
for  pi  periods  or  task  (i,  1)  is  processed  on  m\  and  task  (i,  2)  is  processed  on  m2.  For 
maximizing  the  throughput,  as  well  as  the  machine  utilization  of  the  system,  we  are 
interested  in  sequencing  the  jobs  in  J so  that  the  resulting  schedule  on  the  two  stage 
flexible  flowshop  minimizes  the  makespan. 
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It  is  of  interest  to  note  that  the  above  described  flexible  flowshop  represents  a 
generalization  of  the  traditional  flowshop  and  the  identical  parallel  machine  shop. 
The  flexible  flowshop  is  an  environment  with  three  job  classes;  class  Vj  of  jobs  require 


Figure  4.2.  The  Flexible  Flowshop  as  a Generalization  of  the  Traditional  Flowshop 
and  Parallel  Machine  Environments 
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processing  only  at  the  upstream  stage,  class  Vj  of  jobs  require  processing  only  at  the 
downstream  stage  and  class  Vj  of  jobs  require  processing  at  both  stages,  (see  Figure 
(4.2a)).  The  three  classes  of  jobs,  can  be  also  recognized  at  the  flexible  flowshop 
environment  described  in  Figure  1:  class  Vj  of  jobs  follow  the  route  a — * b — > c, 
class  Vj  of  jobs  follow  the  route  d — > e — > / and  class  Vj  of  jobs  follow  the  route 
a — ► h — > /.  It  is  now  easy  to  observe  that  the  parallel  machine  environment  is  an 
environment  with  only  classes  Vj  and  Vj  of  jobs  (see  Figure  (4.2b))  and  the  traditional 
flowshop  can  be  thought  of  as  an  environment  with  only  one  class  of  jobs  that  require 
processing  both  at  the  upstream  and  the  downstream  stage  (see  Figure  (4.2c)). 


66 


Observe  that  in  the  case  that  p,-2  = 0 for  all  ji  £ J , our  flexible  flowshop  problem 
reduces  to  the  problem  of  minimizing  makespan  on  two  identical  parallel  machines. 
This  parallel  machine  scheduling  problem  is  known  to  be  ordinary  .V'P-complete  (see 
Garey  and  Johnson  (1979)),  and  therefore  our  problem,  since  it  contains  the  above 
problem  as  a special  case,  is  .ATP-complete  as  well. 

4.2.2  Properties  of  Optimal  2FFS  Schedules 

In  this  subsection  we  identify  a number  of  optimal  properties  for  2FFS  schedules. 
All  these  properties  follow  by  simple  interchange  arguments  that  can  be  easily  inferred 
from  optimal  properties  of  traditional  two  stage  flowshop  and  job  shop  environments 
as  documented  in  scheduling  textbooks  (Baker  (1974)).  First,  given  a solution  S for 
the  two  stage  2FFS  we  partition  the  set  of  jobs  J into  the  same  three  classes  as  in 
Figure  ( 4.2a): 

V\:  The  jobs  in  J whose  both  tasks  are  processed  on  mi. 

V2 : The  jobs  in  J whose  both  tasks  are  processed  on  m2. 

V3:  The  jobs  ji  in  J whose  task  (z,  1)  is  processed  on  m\  and  task  (i,  2)  is  processed 
on  m2. 

We  use  the  term  Johnson’s  Order  as  a sequence  of  jobs  that  has  the  property  that:  Job 
Ji  precedes  job  J:  if  min{ptl,pj2}  < min{pji,p,2}  (see  Johnson  (1954)  for  motivation 
of  this  term).  The  following  properties  hold  for  the  optimal  schedule  of  the  2FFS 
environment. 

Property  1 There  exists  an  optimal  schedule  where  all  jobs  in  V\  follow  the  jobs  in 

V3. 

Property  2 There  exists  an  optimal  schedule  where  all  jobs  in  V2  precede  the  jobs  in 

V3. 
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Property  3 There  exists  an  optimal  schedule  where  all  jobs  in  V3  are  in  Johnson’s 
order. 

Property  4 There  exists  an  optimal  schedule  with  no  idle  time  on  m\. 

Properties  1 through  3 can  be  verified  either  by  straightforward  job  interchange 
arguments  or  by  simply  observing  that  the  2FFS  is  a special  case  of  the  two  machine 
job  shop  environment.  In  the  job  shop  environment  we  have  four  classes  of  jobs: 
classes  Vj,  V2,  V3,  and  a new  class  V4  of  jobs  whose  task  (i,  1)  is  processed  on  machine 
m 2 and  task  (i,  2)  is  processed  on  m\.  Thus,  the  2FFS  is  a two  machine  job  shop  with 
V4  defined  as  an  empty  set.  Property  4 is  an  obvious  one  motivated  by  the  makespan 
minimization  objective.  We  would  like  to  note  that  when  the  jobs  belonging  to  each 
of  the  classes  V1-V4  have  been  prespecified,  then  the  two  machine  job  shop  makespan 
minimization  objective  problem  can  be  solved  with  the  use  of  a variation  of  Johnson’s 
algorithm  in  O(nlogn)  time  (see  French  (1982)).  However,  for  scheduling  the  2FFS 
the  composition  of  jobs  in  each  class  has  to  be  specified  by  the  solution  procedure. 
This  results  in  an  increase  of  the  combinatorial  complexity  of  the  problem  to  that  of 
an  AfP-complete  problem. 

We  observe  that  since  there  may  be  idle  time  on  m2  we  can  always  shift  jobs  in  V3 
to  the  left  and  shift  jobs  in  V3  to  the  right  so  that  the  resulting  schedule  processes  all 
jobs  in  V2  contiguously  starting  at  time  zero,  followed  by  I periods  of  idle  time  which 
are  thereafter  followed  by  the  jobs  in  V3  also  scheduled  contiguously.  Clearly,  the 
above  shifts  can  be  done  so  that  neither  the  makespan  is  increased  nor  feasibility  is 
destroyed.  Combining  properties  1-4  with  the  previous  observations,  we  can  conclude 
that  there  exists  an  optimal  solution  for  the  2FFS  which  has  the  structure  depicted 
in  Figure  4.3. 

In  the  next  section  we  will  use  the  above  properties  to  develop  a pseudopolynomial 
dynamic  programming  algorithm  for  generating  optimal  schedules  for  the  2FFS. 
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Figure  4.3.  The  structure  of  an  optimal  solution  for  the  2FFS 
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4.3  A Dynamic  Programming  Algorithm  for  the  2FFS 
4.3.1  Description  of  the  DP  Algorithm 

Assume  that  the  set  J = {j\,j2,  ■ ■ ■ ,jn}  is  ordered  according  to  Johnson’s  order. 
Define  the  quantities: 

A{  = £‘=1  pi  for  i = 1, 2, . . . , n and 

fi(t,x,id ) = the  makespan  of  an  optimal  schedule  whose  total  processing  time  on  mi 
of  jobs  in  V3f){ji,j2,...,ji}  is  t,  the  total  processing  time  on  mi  of  jobs  in 
Vi  n{ii)  J2,  • • • ,ji}  is  x and  the  idle  time  on  m2  is  id. 


By  definition,  the  values  that  the  variables  t , x,  id  can  take  on  are: 

n n 

t = o, i,...,y^p,i,  x,  ^ - o, i,...,y ^ pi 

i=l  1=1 

Boundary  Conditions:  f0( 0,  0,  id)  = id  for  id  = 0, 1, ... , E"=i  Pi,  and 
fo(t,x,id)  = oo  otherwise. 


Recurrence  Relation: 


fi(t,  x,  id)  = min 


Optimal  Solution: 


max  {a:  + t,Ai  — x — t + id,fi-i(t,x  - pi,id)} 
max{r  + t,  Ai  - x — t + id,  fi-i(t,  x,p{  + id)} 
max{x  + t,  Ai  - x - t + id,  /;_i(t  - pn,x,  id)} 
if  t<Ai~ x — t-\- id  — pi2 . 


(1) 


Let  /*  denote  the  optimal  solution  to  the  dynamic  program  (1)  with  the  above 
given  boundary  conditions.  Then 

f*  = min  ! min{^’  °>  id)  :0<t<  EF=i  Piu  0 < id  < E"=1  (2) 

\ min {fn(t,x,id)  : 0 < t < E”=iP«i>l  < x < ]T)"=1pi,0  < id  < max.p,}. 
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Justification: 

At  the  z-th  stage  of  the  dynamic  program,  job  has  to  be  scheduled.  The  first 
branch  of  the  recursive  relationship  (1)  corresponds  to  the  case  that  ji  is  scheduled 
to  be  processed  in  Vj,  the  second  to  the  case  that  is  included  in  V2  and  the  third 
to  the  case  that  ji  is  scheduled  to  be  processed  in  V3.  The  first  branch  is  meaningful 
only  in  case  — Pi,id)  < 00,  the  second  one  if  /,_i(f,:r,p,  + id)  < 00  and  the 

third  if  — pn,x,id)  < 00.  In  addition,  for  the  third  branch  we  have  to  ensure 

feasibility  of  the  schedule,  i.e.  the  starting  time  of  task  (i,  2)  must  be  no  earlier  than 
the  finishing  time  of  task  (i,  1).  Since  the  finishing  time  of  (z,  1)  is  t and  the  starting 
time  of  (z,  2)  is  — x — t + id  — p)2,  the  condition  t < A;  — x — t + id  — p;2  guarantees 
the  feasibility  of  the  schedule. 

At  any  stage  of  the  dynamic  program,  the  first  machine  finishes  at  time  x + t 
while  the  second  one  finishes  at  time  A;  — x — t + id.  The  maximum  of  these  two 
quantities  determines  the  makespan  of  the  partial  schedule  (i.e.  the  schedule  of  jobs 
The  minimum  over  the  values  obtained  by  the  three  branches  of  our 
recurrence  relationship  determines  the  value  of  fi(x,t,id),  as  in  (2). 

Relationship  (2)  implies  that  there  exists  an  optimal  schedule  for  which  either 
the  variable  id  takes  on  values  from  1, 2, . . . , maxi<,<„  p,  or  x = 0.  This  is  because 
if  x > 0 and  id  > max1:<i<npt,  we  can  always  schedule  one  of  the  jobs  of  V\  to  be 
processed  during  the  idle  time  of  zrz2,  thus  reducing  x to  zero  or  making  the  idle  time 
remaining  on  zrz2  less  than  the  quantity  maxi<t<np,. 

Complexity  of  the  DP  algorithm: 

Define  the  quantity  MS  = XwLiP*-  ^ evident  that  none  of  the  variables 
t,x,id  can  take  on  a value  greater  than  MS.  Also,  the  variable  i can  take  on  values 
1,2, . . . , n.  Hence  the  number  of  states  of  the  dynamic  program  is  Q(nM S3).  For  each 
state  it  takes  (9(1)  effort  to  evaluate  relationship  (1),  and  therefore  the  asymptotic 
complexity  of  our  dynamic  programming  algorithm  is  0(nMS3). 
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4.3.2  Computational  Performance  of  the  DP  Algorithm 

To  test  the  performance  of  the  dynamic  program  of  the  previous  section  we  wrote 
a Turbo  Pascal  code  and  experimented  on  a 486  PC  with  math  coprocessor.  Within 
the  constraint  of  640  Kilobytes  of  base  memory,  we  were  able  to  solve  problems  up 
to  30  jobs.  In  Table  4.1  presented  below,  we  report  the  average  execution  times  for 
different  processing  time  ratios.  For  example,  a ratio  2 : 1 means  that  on  the  average 
the  processing  time  of  a task  (z,  1)  is  double  the  processing  time  of  a task  (z,  2).  Also, 
the  processing  time  of  (z,  1)  is  chosen  randomly  from  a uniform  distribution  on  [1,5] 
and  the  processing  time  of  (z,  2)  is  chosen  randomly  from  a uniform  distribution  on 
[1.10]. 

We  report  execution  times  for  the  ratios  1:1,  2:1,. ..,8:1  and  their  reciprocals. 
To  accommodate  for  various  processing  time  ratios  (i.e.  for  high  values  of  MS ),  we 
experimented  with  problem  sizes  of  10,  15  and  20.  This  results  to  33  ratio/size  com- 
binations. For  each  combination,  we  report  the  average  execution  time  (in  seconds) 
over  5 randomly  selected  problems.  Thus,  we  solved  a total  of  165  problems. 


Table  4.1.  Average  execution  times  (in  seconds)  of  the  DP  algorithm  for  2FFS. 


size/ratio 

1 : 1 

1 : 2 

1 : 3 

1 : 4 

1 : 5 

1 : 6 

1 : 7 

1 : 8 

10 

0.39 

0.51 

0.62 

0.98 

1.92 

1.99 

2.90 

4.40 

15 

0.60 

0.93 

1.65 

2.95 

4.90 

10.44 

14.20 

11.70 

20 

0.98 

1.96 

4.29 

9.06 

13.60 

15.53 

29.52 

33.97 

2 : 1 

3 : 1 

4 : 1 

5 : 1 

6 : 1 

7 : 1 

8 : 1 

10 

0.89 

1.15 

1.42 

2.52 

2.15 

3.19 

4.01 

15 

1.28 

2.13 

3.53 

4.29 

7.03 

10.84 

16.66 

20 

2.60 

4.26 

8.71 

15.04 

17.38 

30.44 

41.25 

In  our  experiments  we  observed  that  the  execution  time  of  each  of  the  five  problems 
generated  for  a specific  ratio/size  combination  was  very  close  to  the  corresponding 
average.  This  implies  that  for  a given  size/ratio  combination  the  dynamic  program 
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is  robust  with  respect  to  the  required  computational  effort. 

It  can  be  seen  that  the  execution  times  increase  as  problem  size  increases  and 
as  the  ratios  increase.  For  ratios  less  than  one  (first  three  rows  of  the  table)  the 
execution  times  are  smaller  than  those  for  the  corresponding  size  execution  times 
with  ratios  greater  than  one.  When  the  problem  size  increases  from  10  to  15,  the 
execution  time  increases  by  a factor  of  2 (for  size=10  and  ratio=l:2)  to  a factor  of 
4 (for  size=10  and  ratio=8:l).  When  the  problem  size  increases  from  15  to  20,  the 
execution  time  increases  by  a factor  of  2 (for  size=15  and  ratio=l:2)  to  a factor  of 
4 (for  size=15  and  ratio=7:l).  However,  all  test  problems  were  solved  in  less  than 
42  seconds.  We  conclude  that  the  DP  procedure  can  handle  efficiently  medium  size 
problems  in  microcomputer  supported  environments. 

4.4  Heuristic  Algorithms  for  the  2FFS 
4.4.1  A Modified  Parallel  Machine  Heuristic 

As  we  explained  in  Section  4.2.1,  the  flexible  flowshop  represents  a generalization 
of  the  traditional  flowshop  and  the  identical  parallel  machine  environment.  There- 
fore, algorithms  for  the  two  machine  flowshop  problem  (e.g.  Johnson’s  Algorithm 
(JA),  see  Johnson  (1954)  or  the  two  identical  parallel  machine  environment  (for  a 
comprehensive  review  see  Cheng  and  Sin  (1990))  can  be  used  as  heuristics  for  our 
problem.  In  this  section,  we  focus  on  modifying  one  of  the  parallel  machine  heuristics 
to  better  depict  the  characteristics  of  the  2FFS  and  subsequently  perform  better  when 
applied  to  such  environments.  Our  reasons  for  selecting  this  particular  heuristic  were 
its  implementation  simplicity,  low  complexity  and  very  good  average  and  worst  case 
performance.  We  selected  to  modify  the  heuristic  referred  to  as  the  RDM  heuristic 
(see  Cheng  and  Sin  (1990)).  This  heuristic  is  described  in  pseudoalgorithmic  format 
below: 
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Heuristic  RDM: 

Step  1.  Order  jobs  in  J at  random. 

Step  2.  Pick  the  job  at  the  top  of  the  list  J and  load  it  to  the  first  available  machine. 

Step  3.  If  J is  empty  stop,  else  goto  Step  2. 

In  RDM,  each  job  i is  considered  to  consist  of  a single  task  that  requires  processing 
time  pi.  If  Crdm  is  the  makespan  of  the  schedule  on  the  two  parallel  machines 
obtained  by  application  of  RDM  and  C2p  is  the  optimal  makespan  value  for  the  two 
parallel  machine  environment,  then  it  is  known  that  Crdm /C^p  < 3/2  (see  Cheng  and 
Sin  (1990)).  Clearly  the  complexity  of  RDM  is  0{n).  We  will  modify  this  heuristic 
so  that  the  same  properties  (i.e.  complexity  O(n)  and  1.5  worst  case  performance) 
hold  true  for  the  application  of  the  heuristic  to  the  2FFS  environment.  We  refer  to 
this  heuristic  as  the  Modified  RDM  (MRDM)  heuristic. 

Heuristic  MRDM: 

Step  1.  Apply  RDM  on  the  two  parallel  machine  environment  with  processing  times 
Pi,  t l,2,...,n. 

Step  2.  Compute  the  latest  job  completion  times  C\  and  C2,  according  to  the  resulting 
schedule  from  Step  1,  of  production  stages  mi  and  m2  respectively.  Let  j,  be 
the  last  job  scheduled  on  mi  and  jj  the  last  job  scheduled  on  m2. 

Step  3.  If  {Ci  > C2)  and  [C\  — p,-2  > C2)  then 
schedule  task  (i,  1)  first  on  mi,  and 
schedule  task  (i,  2)  last  on  m2 

Step  4.  If  {Ci  < C2)  and  {pji  < C2  — Ci)  and  (pj2  < C2  — Ci)  then  schedule  task  {j,  1) 
first  on  m2,  and 
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schedule  task  (j,  2)  to  start  at  time  max{Ci,pji}  on  m\. 

All  jobs  previously  scheduled  on  m\  are  rescheduled  to  be  completely  processed, 
on  the  same  order  as  before,  by  m2. 

All  jobs  previously  scheduled  on  m 2 are  rescheduled  to  be  completely  processed, 
on  the  same  order  as  before,  by  m\. 

Clearly  MRDM  is  still  0(n).  Note  that  the  solution  obtained  from  MRDM  is  feasible 
to  the  2FFS  because  for  every  job  j,  the  task  (i,l)  by  construction  precedes  task 
(i,  2).  Actually,  there  is  at  most  one  job  that  has  its  processing  split  between  the  two 
production  stages  (see  Step  4).  We  will  show  that  if  Cmrdm  is  the  makespan  of  the 
2FFS  obtained  by  application  of  MRDM  and  C2FFS  is  the  optimal  makespan  value 
for  the  same  environment,  then  Cmrdm/C^ffs  < 3/2. 

The  following  additional  notation  will  be  needed  for  our  further  discussion.  Let 
^alg  denote  the  makespan  of  the  schedule  obtained  by  algorithm  ALG  when  each 
of  the  tasks  (i,  1)  and  (*, 2)  is  considered  to  be  a job  by  itself  with  processing  time 
pn  and  pi 2 respectively.  ALG , can  be  either  an  optimal  algorithm  for  the  two  par- 
allel machine  environment  or  the  heuristic  RDM.  For  example,  denotes  the 

makespan  obtained  by  application  of  RDM  to  the  two  parallel  machine  environment 
with  2n  jobs,  i.e.  when  for  each  job  i each  of  its  two  tasks  is  considered  as  a different 
job,  and  C\p  denotes  the  makespan  obtained  by  application  of  an  optimal  algorithm 
for  the  parallel  machine  environment. 

The  two  propositions  that  follow  are  instrumental  in  providing  a rigorous  proof 
to  the  worst  case  bound  of  MRDM.  Let  S be  a schedule  obtained  by  application  of 
RDM  to  the  n job  two  parallel  machine  environment  (i.e.  the  processing  time  of  each 
job  is  p,, i = 1,2, ...  ,n)  and  C\,  C2  the  completion  times  of  the  last  jobs  of  produc- 
tion stages  mj,  m2  respectively  in  S.  Assume  that  C\  > C?.  Let  ji  be  the  last  job 
scheduled  on  mi  by  S.  Then  we  can  state  the  following. 
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Proposition  1 If  C\  — pi2  < C2  we  can  find  a list  L of  the  tasks  (i,  1),  (i,  2)  i = 
1,2 ,n  so  that  RDM  acting  on  L results  to  schedule  S. 

Proof.  The  schedule  S assigns  a starting  time  to  each  job  ji  in  J.  Therefore,  S induces 
a starting  time  to  each  of  the  tasks  ( i , 1),  ( i , 2).  In  particular,  if  s is  the  starting  time 
of  ji,  then  5 is  the  starting  time  of  (i,  1)  and  s + pn  is  the  starting  time  of  (i,  2). 

Let  L be  the  list  obtained  by  the  nondecreasing  order  of  the  starting  times  of  the 
2 n tasks.  Since  Ci  — p,2  < C2,  we  can  apply  the  minimum  loaded  machine  rule  with 
respect  to  L to  choose  the  production  stage  to  allocate  the  next  task  on  the  list  so 
that  the  resulting  schedule  is  S.  To  do  this,  whenever  both  stages  are  equally  loaded, 
we  have  to  schedule  the  task  at  the  top  of  L to  the  stage  that  S scheduled  that  task. 
Therefore,  when  RDM  acts  on  L with  appropriate  tie-breaking,  the  resulting  schedule 
is  S.O 

Clearly,  the  Proposition  holds  for  the  symmetric  case  where  C2  > C\,  C2—pi2  < C\ 
and  ji  is  the  last  job  scheduled  on  m2  in  S. 

Proposition  2 1 here  exists  a list  L for  which  either  Cm  hum  — C2pps  or  Cmrdm  — 

° RDM • 

Proof.  Let  S be  the  sequence  obtained  at  the  end  of  Step  1 of  M RDM  and  C\,  C2  the 
completion  times  of  the  last  jobs  of  m,\,  m2  respectively  in  S.  Also,  let  ji  be  the  last 
job  scheduled  on  mj  by  S and  jj  the  last  job  scheduled  on  m2  by  S. 

Case  1:  Ci  > C2 

subcase  i:  C\  — pi2  < C2.  According  to  Proposition  1,  there  exists  a list  L such  that 
CfiDJVf  = C\.  In  this  subcase  Cmrdm  = C\  and  therefore  for  this  list  L it  holds  that 
Cmrdm  = 

subcase  ii:  C\  — p,2  > C2.  Then,  C 1 — p,  < C2  because  jobs  in  S are  scheduled 
according  to  the  minimum  loaded  machine  rule  to  allocate  tasks  to  production  stages. 
Now  we  can  apply  Proposition  1 on  the  2 n — 1 tasks  excluding  (i,  2).  Let  L'  be  the 
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corresponding  list.  When  R DM  is  applied  to  the  ordered  list  L = 2)),  the 

resulting  schedule  is  identical  to  S with  the  only  difference  that  (*,  2)  is  scheduled 
last  on  m2  instead  of  last  on  mx.  Thus,  for  the  sequence  L,  C]^DM  = maxjC^  — 
Pi2i  C2  + Ptt}-  In  this  subcase,  MRDM  schedules  ( z , 1 ) first  on  mi  and  (*,  2)  last 
on  m2.  If  pn  < C2  then  no  idle  time  needs  to  be  inserted  in  m2  and  therefore 
Cmrdm  = max{Cx  -p,-2,  C2  + pi2).  Thus,  Cmrdm  = Crdm-  Hpii  > C2  then  Pn  ~C2 
units  of  idle  time  need  to  be  inserted  in  m2  and  therefore  Cmrdm  — max{(7x  — 
Pa,  Pi}-  If  Cmrdm  — Pi  then  MRDM  produces  an  optimal  schedule  for  the  2FFS 
(since  C2ffs  > Pi  for  * = 1, 2, ... , n);  otherwise,  Cmrdm  < CpDM  (because  C\  —pu  < 
max{Cx  Pi2i  C2  +Pi2}). 

Case  2:  C\  < C2 

subcase  i:  pj\  > C2  — C\  or  pj2  > C2  — C\.  If  pj2  > C2  — C\  then  by  Proposition 
1 there  exists  a list  L of  the  2 n tasks  such  that  RDM  acting  on  L results  to  S and 
therefore  Cmrdm  = C'rDM.  Similarly,  if  pji  > C2  — C\,  but  pj2  < C2  — C\,  then  we 
can  interchange  the  positions  of  (*,  2)  and  (*,  1)  in  S and  by  the  previous  argument 
conclude  that  Cmrdm  = CfPDM. 

subcase  ii:  pj-,  < C2  — C\  and  pj2  < C2  — C\.  Then  C2  — pj  < C\  because  S is  obtained 
by  using  the  first  available  machine  rule  to  allocate  tasks  to  production  stages.  Then, 
MRDM  schedules  the  task  (j,  1)  first  on  m2  and  task  (j,  2)  last  on  mx.  Then  it  swaps 
the  loads  of  mx,  m2.  Therefore  this  subcase  is  identical  to  Case  1,  subcase  ii.  Hence, 
Cmrdm  = C2ffs  or  Cmrdm  < Crdm-  d 

Lemma  3 C\p  < C2ffs  < Cmrdm- 

Proof.  Every  solution  that  is  feasible  for  the  2FFS  is  also  feasible  for  the  2n  job 
two  parallel  machine  environment,  but  not  the  other  way  around.  Therefore,  < 
C2ffs-  Also,  the  solution  obtained  by  MRDM  is  by  construction  feasible  to  the  2FFS. 
Therefore  C2Ffs  < Cmrdm-  □ 
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Theorem  8 < | and  the  bound  is  tight. 

Proof.  If  Cmrdm  — C2FFS  then  the  theorem  holds  trivially.  Else,  we  know  from 
Proposition  2 that  there  exists  list  L such  that  Cmrdm  < Crdm-  If  Lemma  3 is 
applied  for  L we  obtain  that 


C2n  ^ ^ /~t2n 

2 P — ^2 FFS  5;  L RDM 

and  therefore 

° RDM  < ° RDM  < £ 

C2FFS  ~ c\p  ~ 2 

and  since  for  this  L we  have  Cmrdm  < CplDM,  then 

Cmrdm  < 3 
C2FFS  2 

This  bound  is  tight  for  the  two  parallel  machine  environment  (see  Cheng  and  Sin 
(1990)).  Since  the  two  parallel  machine  problem  is  a special  case  of  the  2FFS,  this 
bound  is  tight  for  our  problem  as  well.  □ 

As  we  will  report  below,  the  average  performance  of  MRDM  is  even  more  pro- 
nounced since  it  produces  near  optimal  solutions  to  a large  number  of  randomly  gen- 
erated problems.  Table  4.2  reports  the  relative  percentage  error  c M RIcM~^F f g 1 00% 
for  various  problem  sizes  (i.e.  number  of  jobs  processed)  and  processing  time  ratios 
(for  definition  of  a processing  time  ratio  see  Section  4.3.2).  The  performance  of  the 
heuristic  is  tested  for  the  processing  time  ratios  1:1,  1:2,  1:3,  1:4  and  their  reciprocals. 
Problems  of  size  10,  15  and  20  were  generated  for  each  processing  time  ratio,  thus 
resulting  to  a total  27  size/ratio  combinations.  For  each  combination,  we  report  the 
average  performance  of  MRDM  over  5 randomly  generated  problems.  Thus  a total  of 
135  problems  were  solved. 

Table  4.2  suggests  that  MRDM  performs  extremely  well.  The  overall  average 
performance  is  only  1.02%  away  from  the  optimal.  From  the  table  we  conclude  that 
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Table  4.2.  Deviation  of  MRDM  from  optimality. 


Vmrdm- 

Cl  F 

^£^100%  " 

size/ratio 

1 : 1 

1 : 2 

1 : 3 

1 : 4 

Average 

10 

1.5 

2.5 

5.2 

2.1 

2.82 

15 

1.1 

1.4 

0.78 

0.42 

0.92 

20 

0.79 

0.71 

1.2 

0.00 

0.67 

Average 

1.13 

1.53 

2.39 

0.84 

2 : 1 

3 : 1 

4 : 1 

10 

1.5 

0.5 

1.3 

1.1 

15 

0.36 

0.82 

0.35 

0.51 

20 

0.34 

0.00 

0.00 

0.11 

Average 

0.73 

0.44 

0.55 

Overall:  1.02 

the  relative  error  reduces  as  the  problem  size  increases.  Also,  the  heuristic  performs 
better  for  processing  time  ratios  greater  than  one.  We  observed  that  MRDM  solved  a 
great  number  of  problems  optimally,  especially  when  the  problem  size  increased.  Since 
the  average  error  of  MRDM  is  small,  we  feel  confident  in  recommending  the  heuristic 
as  an  adequate  tool  for  scheduling  the  2FFS  environment  with  a large  number  of  jobs. 

4.4.2  Performance  of  Johnson’s  Algorithm  as  a Heuristic  for  the  2FFS 

As  previously  mentioned,  Johnson’s  algorithm  (JA)  can  be  thought  of  as  a heuris- 
tic procedure  for  the  2FFS.  Below  we  perform  a worst  case  analysis  of  the  algorithm 
when  applied  to  the  2FFS  environment. 

Let  us  refer  to  the  2FFS  depicted  in  Figure  4.1.  A different  way  to  interpret  the 
operation  of  that  environment  is  the  following.  The  processing  requirement  of  pn 
units  will  be  either  performed  on  Ma  or  on  Mb,  and  the  processing  requirement  of 
the  subsequent  p)2  units  will  be  either  performed  on  Mc  or  on  Mj . We  introduce  the 
following  auxiliary  problem.  Replace  the  machines  Ma , Mb  by  a dummy  machine 
Mi  and  replace  the  processing  time  requirement  of  pn  units  on  one  of  Ma,  Mb  by 
the  requirement  of  l/2pn  units  on  M\.  Also,  replace  the  machines  Mc , Md  by  a 


78 


dummy  machine  M2  and  replace  the  processing  time  requirement  of  p,2  units  on  one 
of  Mc,  Mi  by  the  requirement  of  1 / 2p,2  units  on  M2.  This  way  we  define  an  auxiliary 
2-machine  flowshop  problem  on  M\,  M2. 

Lemma  4 Let  Cja  be  the  completion  time  found  by  JA  for  the  auxiliary  problem. 
Then,  Cja  < CTffs- 

Proof.  Let  S be  an  optimal  sequence  for  2FFS  (the  processing  times  for  this  problem 
are  (pn,Pi2))-  Let  ti,t2, . . . ,tn  be  the  nondecreasing  order  of  completion  times  of  the 
tasks  (*,  1)  on  Mn,  Mb- 

We  will  show  that  the  optimal  solution  to  the  auxiliary  problem  is  a lower  bound 
for  C2FFS,  be.  Cja  < C2FFS • We  do  this  by  showing  that  the  sequence  S which  is 
not  necessarily  optimal  for  the  auxiliary  problem,  achieves  a makespan  Cs  < C2FFS1 
where  Cs  is  the  makespan  of  sequence  S applied  to  the  auxiliary  problem. 

Indeed,  for  every  i = 1, 2, . . . , n,  the  finishing  time  of  j,  (i.e.  the  z-th  job  in  S ) on 
Mi,  say  C-,  is  C[  = 1/2 (t;  -f  L-i)-  Since  1 < L implies  C\  < we  can  infer  that 
the  finishing  time  of  task  (z,  1)  on  M\  is  less  than  or  equal  to  the  finishing  time  of 
the  same  task  on  Ma  or  Mb.  A similar  argument  shows  that  the  completion  time  of 
task  (z,  2)  on  M2  is  less  than  or  equal  to  the  completion  time  of  the  same  task  on  Mc 
or  Md.  This  last  fact  shows  that  the  total  idle  time  inserted  on  M2  for  the  auxiliary 
problem  is  no  more  than  the  idle  time  inserted  on  any  of  Mc  or  Md  for  the  2FFS. 
Thus,  Cs  < C2FFS- 

Since  S is  not  necessarily  optimal  for  the  auxiliary  problem,  we  have  that  Cja  < 
Cs  < C2FFS-  This  completes  the  proof  of  the  lemma.  □ 

Let  Cfs  be  the  makespan  obtained  by  Johnson’s  algorithm  when  applied  on  the 
traditional  flowshop  ( FS)  (i.e.  task  (z,  1)  of  job  z is  performed  on  stage  1 and  task 
(z,2)  on  stage  2).  Then  we  can  state  the  following. 

Theorem  9 < 2 and  the  bound  is  tiefht,. 

Ooc’c’c  — 0 
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Proof.  Clearly,  Cfs  > C2ffs  because  the  FS  is  a subsystem  of  the  2FFS.  In  Lemma 
4 we  showed  that  the  makespan  C of  the  auxiliary  problem  is  C < C2ffs-  Also,  the 
sum  of  all  processing  times  of  the  auxiliary  problem  cannot  exceed  C,  i.e.  |(E,  Pn  + 

E.P.-2)  < c. 

If  we  obtain  a solution  to  the  auxiliary  problem,  we  can  construct  a solution  for 
2FFS  by  replacing  the  processing  time  of  |p,i  by  px\  and  scheduling  the  machine  Ma 
of  2FFS  to  process  the  load  of  machine  M\  in  FS  and  machine  Md  to  process  the 
load  of  M2.  In  the  resulting  solution  for  the  2FFS  the  machines  Mj,,  Mc  will  not  be 
utilized  and  the  makespan  will  be  C + |(ptl  + p,-2)  < 2 C.  Thus,  C2ffs  < 2 C. 

In  addition  C < Cfs  because  the  processing  times  of  the  jobs  for  the  auxiliary 
problem  are  less  than  or  equal  to  the  processing  times  of  the  jobs  for  FS.  Hence, 
C < Cfs  and  therefore  cjFF?  < 2. 

This  error  bound  is  tight.  To  see  this  consider  an  instance  with  n + 1 jobs  with 


processing  times  pu  = 1 for  i — 1, 2, . . . , n,  pn+i,i  = n and  p,-2  = 0 for  i = 1,2 + 
1.  One  can  easily  see  that  C2ffs  = n while  Cfs  — 2 n.  Thus  for  this  example 


'FS 


C2FFS 


2.  □ 


In  effect,  this  Theorem  shows  that  Johnson’s  algorithm  provides  a heuristic  for  the 
2FFS  with  an  error  bound  of  2.  As  we  will  report  later  (see  Section  4.5,  Table  4.3), 
the  average  makespan  performance  of  J A is  13%  away  from  the  optimal  makespan  of 
the  2FFS. 


4.5  Flexible  Flowshops  versus  Traditional  Flowshops  and  Parallel  Machines 


In  this  section  we  study  the  effects  of  important  characteristics  of  the  production 
environment  (in  particular,  stage  workloads  and  variation  among  processing  times  of 
the  jobs  at  each  stage)  on  three  different  configurations  (we  are  restricting  ourselves 
to  the  two-stage  cases):  flowshop  (as  traditionally  defined,  with  all  jobs  following  the 
same  routing  of  stages  and  a nonempty  prespecified  subset  of  jobs  requiring  processing 
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at  both  stages  of  the  system),  identical  parallel  production  stages  (machines),  and 
flexible  flowshop  (as  defined  in  Section  4.2.1).  For  all  environments  job  preemption 
is  not  allowed. 

More  precise  definitions  of  the  characteristics  of  the  production  environment  we 
considered,  are  the  following: 

(a)  Stage  Workload  Ratio  (LR):  it  reflects  the  ratio  of  workloads  at  the  two  stages 
of  the  traditional  flowshop  environment,  i.e. 


En 

i P<2 

(b)  Coefficient  of  Variation  of  processing  times  at  stage  k , CVk  ( k = 1,2):  it  reflects 
the  variability  of  processing  times  of  jobs  at  a specific  stage  k (k  = 1,2)  (as  a reminder, 
the  processing  time  of  each  job  is  deterministic,  and  the  variability  we  are  referring 
to  is  among  processing  times  of  jobs  at  a stage),  i.e. 

J i Z"=i(P^  ~ Pk)2  yn  p-, 

CVk  = r , where  pk  = — k = 1,2. 


Pk 


n 


In  Table  4.3  we  report  the  results  of  our  computational  experiments.  We  generated 
random  scheduling  problems  for  a flowshop  environment  with  15  jobs  within  prespec- 
ified ranges  for  the  workload  ratio  (for  balanced  workloads  the  ratio  LR  £ [0.95, 1.05], 
for  unbalanced  workloads  -lower  workload  on  stage  1-  LR  £ [0.6,  0.8],  and  for  un- 
balanced workloads  -lower  workload  on  stage  2-  LR  £ [1.2, 1.4])  and  the  coefficients 
of  variation  (for  lower  processing  time  variability  at  stage  k,  CVk  £ [0.5,  0.7],  for 
medium  processing  time  variability  at  stage  k , CVk  € [0.9, 1.1],  and  for  high  process- 
ing time  variability  at  stage  k,  CVk  £ [1.2, 1.4]).  There  is  a total  of  27  combinations 
of  ranges  for  the  various  parameters,  and  for  each  combination  5 random  scheduling 
problems  were  generated.  Thus  a total  of  135  test  problems  were  solved.  For  each 
combination  of  parameters,  we  report  the  average  over  the  5 test  problems  within 
that  range  of  the  following  two  quantities: 
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i)  Percentage  deviation  of  the  makespan  performance  of  the  flowshop  from  the 
optimal  makespan  performance  of  the  flexible  flowshop,  i.e.  C'Fc~^FFS  100%,  and 

ii)  Percentage  deviation  of  the  makespan  performance  of  the  schedule  resulting 
from  the  application  of  an  optimal  algorithm  for  the  parallel  machine  environment 
(see  Cheng  and  Sin  (1990))  from  the  optimal  makespan  performance  of  the  flexible 
flowshop,  i.e.  c'^~c^fs  iqq%. 

^2  FFS 

Below,  we  summarize  and  interpret  the  results  of  Table  4.3.  We  start  by  comparing 
the  performance  of  2FFS  environments  with  traditional  flowshops. 


Table  4.3.  Performance  Comparison  of  Two  Stage  Flexible  Flowshops  with  traditional 
Flowshops  and  Parallel  Machine  Environments 


Workload 

Coefficient  of 

Coefficient  of  Variation  CV2 

Ratio  LR 

Variation  CV\ 

0.5, 0.7] 

[0.9, 1.1] 

[1.5,2] 

[0.5, 0.7] 

26 

2.4 

22 

4.6 

16.2 

2.3 

[0.6, 0.8] 

[0.9, 1.1] 

20 

2.8 

14 

1.9 

17.6 

1.7 

[1.5,2] 

19.4 

1.5 

20 

1.1 

15.3 

0.9 

[0.5, 0.7] 

6.7 

2.6 

5.8 

2.3 

4 

2.1 

[0.9, 1.1] 

[0.9, 1.1] 

4.5 

1.7 

4.1 

0.6 

2 

1.3 

[1.5,2] 

4 

0.8 

4 

0.4 

1.8 

0.6 

[0.5, 0.7] 

18 

2 

17 

1.8 

16.3 

1.2 

[1.2, 1.4] 

[0.9, 1.1] 

22 

7.9 

23 

8.6 

14.6 

5.1 

[1.5,2] 

11.7 

1.1 

16 

0.8 

13.7 

0.6 

la)  The  flexible  flowshop  environment  significantly  outperforms  traditional  flow- 
shops.  The  makespan  performance  improvements  are  in  the  range  of  2-26%.  The 
differences  are  more  pronounced  for  unbalanced  workload  flowshop  environments. 
Specifically,  we  have  that  the  average  percentage  deviation  in  performance  of  the  two 
environments  is  4.1%  for  balanced  workloads  across  the  two  stages,  18.9%  for  unbal- 
anced workloads  with  lower  workload  on  stage  1 and  16.9%  for  unbalanced  workloads 
with  lower  workload  on  stage  2. 
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lb)  For  a balanced  workload  flowshop  environment  with  deterministic  processing 
times,  and  in  the  absence  of  a bottleneck  process,  the  scheduling  problem  becomes  of 
less  importance.  The  processing  time  variations  for  balanced  workload  environments 
affect  somewhat  the  performance  of  the  flowshop,  and  actually  the  flowshop  perfor- 
mance improves  as  the  CV\  and  CV 2 increase.  For  flowshop  environments  with  large 
variance  in  the  processing  times  of  the  jobs  (i.e.  many  small  and  few  large  jobs)  the 
logic  of  the  Johnson’s  order  efficiently  schedules  the  jobs  by  pushing  small  jobs  early 
in  the  first  stage  and  late  in  the  second  stage,  without  leaving  significant  idle  times  on 
the  stages.  This  can  be  easily  seen  at  the  Gantt  charts  of  the  optimal  flowshop  and 
2FFS  environments  of  a representative  example  with  balanced  workloads  (see  Figure 
4.4). 
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Figure  4.4.  An  example  with  balanced  workloads 


lc)  For  unbalanced  workload  environments,  particularly  when  the  second  stage 
is  the  overloaded  one,  and  thus  acts  as  the  bottleneck,  scheduling  of  the  first  stage 
becomes  crucial  in  the  flowshop  environment.  In  this  case  processing  time  variation, 
in  particular  in  the  first  stage,  helps  the  Johnson  order  to  find  and  schedule  an 
adequate  number  of  small  jobs  in  the  first  stage,  and  thus  reduce  any  forced  idle 
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Figure  4.5.  An  example  with  unbalanced  workloads 
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time  on  the  second  stage  because  of  stage  precedence  constraints.  This  is  depicted 
in  the  Gantt  charts  for  the  flowshop  and  the  2FFS  environments  of  a representative 
example  of  this  case  (see  Figure  4.5).  When  the  first  stage  is  the  overloaded  one, 
and  particularly  when  there  exists  significant  processing  time  variation  in  the  second 
stage,  the  stage  precedence  constraints  are  rather  weak.  The  best  performance  of 
a flowshop  in  such  cases  occurs  when  the  second  stage  has  rather  insignificant  idle 
times  as  it  is  continuously  fed  from  the  first  stage.  This  is  highly  likely  to  happen  in 
the  presence  of  significant  processing  time  variability  in  the  second  stage.  We  depict 
such  an  example  in  Figure  4.6. 

We  now  proceed  to  compare  the  performance  of  the  2FFS  with  two  parallel  ma- 
chine environments: 

2a)  The  2FFS  environment  performs  better  than  the  2P  environment.  The  makespan 
performance  improvements  are  in  the  range  of  0.6-8. 6%.  In  general,  the  parallel  ma- 
chine environment  tends  to  perform  quite  close  to  the  performance  of  the  2FFS.  The 
differences  in  performance  are  more  pronounced  for  unbalanced  workload  environ- 
ments, since  for  those  environments  the  2FFS  better  exploits  the  across  stages  pro- 
cessing flexibility  (this  is  consistent  with  our  previous  discussion  on  the  comparison 
of  the  FS  and  2FFS  environments).  Specifically  we  have  that  the  average  percentage 
deviation  in  performance  of  the  two  environments  is  1.4%  for  balanced  workloads 
across  the  two  stages,  2.13%  for  balanced  workloads  with  lower  workload  on  stage  1 
and  3.23%  for  unbalanced  workloads  with  lower  workload  on  stage  2.  (As  a reminder, 
the  workload  definition  relates  to  the  two  stages  of  a traditional  flowshop). 

2b)  It  is  rather  difficult  to  come  up  with  any  conclusive  arguments  on  the  effects  of 
the  processing  time  variations  on  the  performance  of  parallel  machine  environments. 
Coming  up  with  simple  explanations  for  the  parallel  machine  environment,  as  we 
were  able  to  do  for  the  flowshop  environment,  is  in  part  prohibited  by  the  absence 
of  simple  polynomial  rules  in  generating  optimal  schedules  for  the  parallel  machine 
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Figure  4.7.  Examples  where  2FFS  significantly  outperforms  2P 
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environment.  In  general,  the  2FFS  tends  to  use  the  processing  time  flexibility  across 
stages  advantageously  to  achieve  makespan  values  that  are  close  to  | pt,  which  is 
a lower  bound  makespan  performance  for  all  of  the  above  described  environments. 
For  all  cases  that  the  parallel  machine  environments  performed  poorly  as  compared 
to  the  2FFS,  the  difference  C2P  — | Yhi  Pi  was  significant.  Such  differences  are  usually 
driven  by  the  processing  times  of  all  jobs  and  cannot  be  adequately  explained  by 
the  use  of  the  three  parameters  LR,  CV\  and  CV 2 (or  actually  any  other  obvious 
choice  of  a small  set  of  aggregate  parameters  of  the  problem  we  attempted  to  come 
up).  To  demonstrate  this  point  we  provide  two  examples  (see  Gantt  charts  of  the  2P 
and  2FFS  environments  of  the  examples  in  Figure  4.7)  of  relatively  poor  performance 
of  the  parallel  machine  environment  with  almost  diametrically  different  values  of 
workload  and  processing  time  variation  parameters.  We  use,  as  more  appropriate  for 
these  examples,  the  processing  time  coefficient  of  variation  CV'  defined  as 


CV'  = 


-P)7 


v 


where  p — 


En 

i= 1 Pi 


n 


In  the  first  example  there  is  unbalanced  workload  and  significant  processing  time 
variation,  as  expressed  by  CV'  (non-favorable  situation  for  the  2P),  and  in  the  second 
example  there  is  balanced  workload  (non-favorable  situation  for  the  2FFS)  and  small 
processing  time  variation  (a  rather  favorable  situation  for  2P).  In  both  examples 
the  specific  values  of  the  job  processing  times  lead  to  a parallel  machine  makespan 
significantly  away  from  the  lower  bound  \YhiPii  while  the  2FFS  is  able  to  achieve 
the  above  lower  bound. 

4.6  Conclusion 


Making  process  choice  decisions  in  environments  with  significant  processing  flex- 
ibility (mostly  due  to  the  presence  of  flexible  machines)  is  a difficult  task.  In  this 
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chapter  we  compared  the  throughput  performance  of  three  different  process  config- 
urations for  production  systems  with  two  flexible  production  stages  (a  production 
stage  might  be  a machine  or  a manufacturing  cell).  The  traditional  way  to  operate 
these  systems  is  one  of  the  following: 

(a)  As  two  parallel  machine  environments,  with  the  two  multipurpose/multitool 
flexible  machines  being  identically  tooled.  Then  the  production  planning  problem  is 
that  of  allocating  the  jobs  to  the  machines. 

(b)  As  a flowshop  environment,  with  the  two  flexible  machines  being  tooled  in  a 
non-identical  fashion.  Part  of  the  production  task  of  each  job  is  performed  on  each 
of  the  machines.  Thus,  the  flexible  machines  become  the  production  stages  of  a tra- 
ditional flowshop  with  a unidirectional  routing  from  the  ‘upstream’  machine  to  the 
‘downstream’  one.  For  this  environment  the  production  planning  challenge  becomes 
that  of  appropriately  scheduling  the  two  machines. 

In  this  chapter  we  suggest  a different  way  to  operate  such  flexible  systems,  i.e. 

(c)  A flexible  flowshop  environment,  with  the  two  flexible  machines  being  tooled 
in  a non-identical  fashion.  The  processing  flexibility  across  stages  is  exploited  by 
allowing  some  of  the  jobs  to  be  processed  completely  on  only  one  of  the  machines 
while  for  others  the  production  task  is  split  between  the  two  machines.  The  pro- 
duction planning  task  for  the  flexible  flowshop  is  somewhat  more  involved  as  the 
production  tasks  of  each  job  have  to  be  allocated  to  the  two  machines  and  then  be 
appropriately  scheduled.  The  additional  complexity  is  compensated  by  the  benefit  of 
improved  throughput  performance,  in  particular  as  compared  with  the  performance 
of  traditional  flowshops.  Parallel  machine  implementations  tend  to  have  a uniformly 
good  performance  over  a variety  of  production  environments,  though  lower  than  that 
of  the  2FFS,  and  also  enjoy  the  advantage  of  a simplified  routing  (and  thus  material 
handling  cost)  control  structure.  To  keep  our  summary  of  the  results  of  the  chapter 
at  a brief  level,  we  refer  the  reader  to  a table  of  comparative  results  for  the  three 
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environments  (see  Table  4.4).  These  results,  mostly  supported  by  the  computational 
study  of  Section  4.5,  can  be  used  by  the  production  manager  as  guidelines  for  making 
process  choice  decisions  in  flexible  manufacturing  environments. 


Table  4.4.  Comparative  results  for  alternative  two  stage  process  configurations:  par- 
allel machines  (2P),  flowshop  (FS),  and  flexible  flowshop  (2FFS) 


Dimensions 
of  Comparison 

Process  Configuration 

Parallel  Machines  Flowshop  Flexible  Flowshop 

(2P)  (FS)  (2FFS) 

Production 

Planning 

Task 

Allocation  of  jobs 
to  machines 

Scheduling  of  two 
machines 

Allocation  of  tasks 
to  machines  and 
scheduling  of  machines 

Complexity  of 
Optimal  Algorithm 

0(nMS) 

Q(n  logn) 

0(nMS3) 

Routing 

Control 

Not  needed 

Unidirectional 

Routing 

Unidirectional 

Routing 

Throughput 

Performance 

2.25%  lower 
than  2FFS 

13%  lower 
than  2FFS 

Highest 

Characteristics  of  the 
Production  Environment 
that  favors  its  Throu- 
ghput Performance 

Uniform  performance 
across  a variety  of 
environmental 
characteristics 

Balanced  workloads 
and  large  processing 
time  variations  at 
each  machine 

Unbalanced  workloads 
and  significant  proce- 
ssing time  variations 
in  each  machine 

CHAPTER  5 


THE  TWO-STAGE  FLEXIBLE  JOBSHOP  SCHEDULING  PROBLEM 


5.1  Introduction 


This  chapter  addresses  a scheduling  problem  for  a two  stage  production  environ- 
ment with  significant  processing  flexibility  across  production  stages.  We  refer  to  this 
environment  as  a two  stage  ‘flexible’  job  shop;  for  convenience  in  our  further  discus- 
sion we  use  the  abbreviated  term  2FJS.  A job  can  be  either  completely  processed 
at  one  of  the  stages  or  its  processing  is  split  in  a prespecified  fashion  between  the 
two  stages.  For  the  latter  case  the  routing  can  be  in  any  of  two  feasible  flow  direc- 
tions between  the  two  stages.  If  we  restrict  the  routing  from  an  ‘upstream’  stage  to 
a ‘downstream’  stage,  then  the  resulting  environment  is  referred  to  as  the  ‘flexible’ 
flowshop  environment.  We  assume  the  presence  of  adequate  storage  space  between 
the  two  stages. 

The  flexible  flowshop  environment  just  described  is  frequently  encountered  in  flex- 
ible manufacturing  systems  (FMS)  (see  Maleki  (1991)  for  detailed  description  of 
FMS’s),  where  each  production  stage  might  be  either  a flexible  machine  or  a flex- 
ible manufacturing  cell.  Flexible  machines  are  designed  with  large  tool  magazines 
that  can  accommodate  a great  variety  of  tools  (up  to  120  different  tools).  Depending 
on  the  tool  assignment,  the  flexible  machine  can  perform  a number  of  different  tasks 
and  in  many  cases  can  complete  all  the  required  operations  of  a job.  The  processing 
flexibility  of  such  machines  is  accurately  depicted  in  our  flexible  job  shop  description 

as  the  operations  of  a job  could  be  performed  by  either  of  the  two  machines  or  the 

89 


90 


operations  of  the  job  could  be  split  between  the  two  machines.  Flexible  manufactur- 
ing cells  (see  Luggen  (1991))  consist  of  a set  of  flexible  machines,  with  not  necessarily 
all  of  them  being  identically  tooled,  able  to  perform  a variety  of  operations.  For 
an  environment  with  two  flexible  manufacturing  cells,  our  flexible  job  shop  problem 
amounts  to  deciding  on  how  to  allocate  a set  of  jobs  between  the  two  cells,  with  the 
additional  option  of  some  jobs  allowed  to  be  split  between  the  two  cells.  If  both  of  the 
feasible  routings  between  the  two  cells  are  allowed,  then  the  environment  is  operated 
as  a job  shop.  Operating  the  environment  as  a flowshop  requires  the  use  of  a fixed 
routing  from  an  ‘upstream’  cell  to  a ‘downstream’  cell  for  cases  that  the  job  is  split 
between  the  two  cells. 


The  problem  can  be  also  motivated  for  environments  with  dedicated  parallel  lines 
allowed  to  share  resources  for  the  processing  of  some  jobs.  Such  an  environment  is 
described  in  Figure  5.1. 


stage  ni\ 


stage  m2 


Figure  5.1.  A Flexible  Job  shop  Implementation  in  a Parallel  Line  Environment 


Each  one  of  the  production  stages  is  a multistation  line.  A job  can  be  either 
processed  completely  on  one  of  the  lines  or  the  first  few  processing  steps  are  per- 
formed on  line  m\  (line  m2)  and  the  remaining  steps  are  processed  on  line  m2  (line 
mi).  Such  flexible  job  shop  environments  can  be  found  in  electronic  assembly  line 
environments,  where  the  flexibility  of  the  automatic  component  placement  machines 
allows  the  manager  to  operate  the  lines  in  a dedicated  or  shared  resources  mode. 

The  study  of  scheduling  problems  in  flexible  manufacturing  and  assembly  systems 
has  attracted  significant  attention  in  recent  years  (see  Shanker  and  Tzen  (1985), 
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Shriskandarajah  and  Ladet  (1986),  Shriskandarajah  and  Sethi  (1989),  Stecke  (1992), 
Wittrock  (1988))  due  to  the  importance  of  such  systems  for  small-to-medium  batch 
manufacturing.  To  the  best  of  our  knowledge,  the  ‘flexible’  job  shop  environment,  as 
described  in  this  chapter,  has  not  been  studied.  Part  of  the  above  research  literature 
evaluates  the  performance  of  algorithms  which  schedule  parts  through  a manufactur- 
ing system  referred  to  also  as  a ‘flexible  flowshop’.  However,  the  use  of  the  term  in 
this  chapter  is  different  than  that  in  the  above  literature.  The  previously  described 
in  the  literature  ‘flexible  flowshop’  environments  are  multistage  production  environ- 
ments with  multiple  identical  parallel  machines  at  each  stage.  The  flexibility  of  these 
environments  is  derived  from  the  ability  to  process  a job  on  anyone  of  the  parallel 
machines  at  a stage,  i.e.  it  is  processing  flexibility  within  a production  stage.  The 
flexibility  of  our  described  environments  (‘flexible’  flowshop  and  ‘flexible’  job  shop)  is 
a consequence  of  the  fact  that  the  job,  or  a part  of  it,  could  be  processed  on  anyone 
of  the  production  stages  i.e.  it  is  processing  flexibility  across  production  stages. 

In  this  chapter,  we  concentrate  on  the  scheduling  problem  of  two  stage  flexible 
job  shops  with  makespan  minimization  objective.  A formal  definition  of  the  problem 
and  properties  of  optimal  2FJS  schedules  are  provided  in  Section  5.2.  We  present  a 
pseudopolynomial  dynamic  programming  algorithm  for  the  solution  of  the  problem 
in  Section  5.3. 


5.2  The  Two  Stage  Flexible  Job  Shop  Problem 
5.2.1  Problem  Description 

A set  of  jobs  J = . . . , jn}  is  given  and  every  job  ji  consists  of  two  tasks, 

namely  (i,  1)  and  (i,  2),  with  processing  time  requirements  pn  and  p,-2  respectively. 
All  jobs  are  assumed  to  be  available  at  time  zero  and  no  preemption  is  allowed  for 
the  tasks.  The  jobs  in  J are  to  be  processed  in  a two  stage  job  shop  which  has  the 
following  type  of  processing  flexibility.  Every  job  j,  can  be  processed  entirely  on  the 
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upstream  stage  m\  for  p,  = pn  + Pn  periods  or  entirely  in  the  downstream  stage 
m2  for  pi  periods  or  the  two  distinct  tasks  of  the  job  are  allocated  to  two  different 
machines.  For  the  latter  case  there  are  two  possibilities:  task  (i,l)  is  processed  on 
mi  for  pn  periods  and  task  (z,  2)  is  processed  on  m2  for  pl2  periods  or  task  (z,  1)  is 
processed  on  m2  for  pn  periods  and  task  (z,2)  is  processed  on  mi  for  pt-2  periods.  If 
we  are  going  to  restrict  the  operation  of  our  environment  to  that  of  a flowshop,  then 
for  the  latter  case  of  job  splitting  between  the  two  machines  we  allow  only  processing 
of  task  (z,  1)  on  machine  mi  and  task  (z,  2)  on  machine  m2  (without  loss  of  generality, 
machine  m 1 is  the  ‘upstream’  stage  and  machine  m2  is  the  ‘downstream’  stage).  For 
maximizing  throughput  as  well  as  machine  utilization  of  the  system,  we  are  interested 
in  sequencing  the  jobs  in  J so  that  the  resulting  schedule  on  the  two  stage  flexible 
job  shop  minimizes  the  makespan. 

It  is  of  interest  to  note  that  the  above  described  flexible  job  shop  represents  a 
generalization  of  the  traditional  flowshop,  job  shop  and  identical  parallel  machine 
environments.  The  flexible  job  shop  is  an  environment  with  four  job  classes;  class  V\ 
of  jobs  require  processing  only  on  mi,  class  F2  of  jobs  require  processing  only  on  m2, 
class  V3  of  jobs  require  processing  first  at  m\  and  then  visit  for  further  processing 
m2,  and  class  V3  of  jobs  first  get  processed  at  m2  and  then  at  m\  (see  Figure  (5.2a)). 
The  four  classes  of  jobs,  can  be  also  recognized  at  the  flexible  job  shop  environment 
described  in  Figure  5.1:  class  V\  of  jobs  follow  the  route  a — * b — * c,  class  V2  of 
jobs  follow  the  route  d — > e — ► /,  class  V3  of  jobs  follow  the  route  a — > h — > /, 
and  class  V\  of  jobs  follow  the  route  d — > g — > c.  The  flexible  flowshop  environment 
is  an  environment  with  no  jobs  in  class  V4  (see  Figure  (5.2b)),  the  parallel  machine 
environment  is  an  environment  with  only  classes  Vj  and  V2  of  jobs  (see  Figure  (5.2c)), 
and  the  traditional  flowshop  can  be  thought  of  as  an  environment  with  only  class  V3 
of  jobs  (see  Figure  (5.2c)).  The  traditional  job  shop  scheduling  literature  addresses 
the  scheduling  of  the  jobs  given  the  composition  of  the  classes  V\,  V2,  V3  and  V4. 


93 


Class  V3  of  jobs 

t 1 

Class  V\  of  jobs  Class  V2  of  jobs 

(a)  Flexible  and  Traditional  Job  shop 
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(d)  Traditional  Flowshop 

Figure  5.2.  The  Flexible  Job  shop  as  a Generalization  of  the  Flexible  Flowshop, 
Parallel  Identical  Machines,  Traditional  Flowshop  and  Job  shop  Environments 
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Observe  that  in  the  case  that  p,2  = 0 for  all  ji  € J , our  flexible  job  shop  problem 
reduces  to  the  problem  of  minimizing  makespan  on  two  identical  parallel  machines. 
This  parallel  machine  scheduling  problem  is  known  to  be  ordinary  AfV- complete  (see 
Garey  and  Johnson  (1979)),  and  therefore  our  problem,  since  it  contains  the  above 
problem  as  a special  case,  is  W^P-complete  as  well. 

5.2.2  Properties  of  Optimal  2FJS  Schedules 

In  this  subsection  we  identify  a number  of  optimal  properties  for  2FJS  schedules. 
First,  given  a solution  S for  2FJS  we  partition  the  set  of  jobs  J into  the  same  four 
classes  as  in  Figure  (5.2a): 

V\ : The  jobs  in  J whose  both  tasks  are  processed  on  m\. 

V2'.  The  jobs  in  J whose  both  tasks  are  processed  on  ra2. 

V3\  The  jobs  in  J whose  task  (i,l)  is  processed  on  m\  and  task  (i,2)  is  processed 
on  m2. 

V4.  The  jobs  in  J whose  task  (i,  1)  is  processed  on  m2  and  task  (i,  2)  is  processed 
on  raj. 


We  use  the  term  Johnson’s  Order  as  a sequence  of  jobs  that  has  the  property  that: 
Job  Ji  precedes  job  Jj  if  min{p,i,pj2}  < min{pji,pt-2}  (see  Johnson  (1954)  for  moti- 
vation of  this  term).  The  following  properties  hold  for  the  optimal  schedule  of  the 
2FJS  environment.  These  properties  follow  by  simple  interchange  arguments  that  can 
easily  inferred  from  optimal  properties  of  traditional  two  stage  flowshop  and  job  shop 
environments  as  documented  in  scheduling  textbooks  (French  (1982)). 


Property  5 There  exists  an  optimal  schedule  where  jobs  in  V3  are  scheduled  before 
any  other  class  of  jobs  on  m\  and  after  any  other  class  of  jobs  on  m2 . 
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Property  6 There  exists  an  optimal  schedule  where  jobs  in  V4  are  scheduled  before 
any  other  class  of  jobs  on  m 2 and  after  any  other  class  of  jobs  on  m4. 

Property  7 There  exists  an  optimal  schedule  where  all  jobs  in  V3  are  in  Johnson’s 
order. 

Property  8 There  exists  an  optimal  schedule  where  all  jobs  in  V4  are  in  Johnson’s 
order. 

The  following  lemma  describes  an  interesting  additional  property  (Property  5)  of 
2FJS  schedules. 

Lemma  5 There  exists  an  optimal  schedule  for  which  m 1 is  the  only  machine  that 
might  have  positive  idle  time  and  that  idle  time  does  not  exceed  the  quantity  pmax  = 
max,{p,i  + pi2}. 

Proof.  Observe  first  that  we  can  always  construct  an  optimal  schedule  such  that 
if  there  is  idle  time  on  m 1 it  is  between  job  classes  V\  and  V4  and  if  there  is  idle 
time  on  m2  it  is  between  job  classes  V2  and  V3.  Using  properties  1-4  and  the  above 
observation,  the  structure  of  an  optimal  schedule  is  depicted  in  Figure  5.3.  It  is 
quite  easy  to  observe  that  id\  > 0 only  if  C4  > C\4  and  id\  > 0 only  if  C\  > C\2. 
However,  the  above  two  conditions  cannot  hold  at  the  same  time  since  C\  > C\4 
implies  C42  > C4  > C\4  > C\2  and  similarly  C\  > C42  implies  C4  < C42  < C\  > C\4. 
If  Cj  > U|2  and  thus  there  is  idle  time  on  machine  m2,  then  since  m4  and  m2  are 
identical  in  terms  of  their  processing  speeds  we  can  interchange  the  role  of  m4  and 
m2  and  obtain  a schedule  that  has  idle  time  on  m4.  Thus,  we  can  always  assume  that 
there  exists  an  optimal  schedule  with  the  structure  depicted  in  Figure  5.4.  Observe 
now  that  if  id  > pmax  and  V2  7^  0 we  can  always  replace  idle  time  on  m4  with  at 
least  one  of  the  tasks  ptl  assigned  for  processing  on  m2.  The  case  V4  = V2  = 0 can 
always  be  transformed  to  an  equivalent  schedule  in  terms  of  makespan  with  V2  = 0 
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Figure  5.3.  Supporting  figure  in  the  proof  of  Lemma  5 
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Figui'e  5.4.  Structure  of  an  optimal  ‘2FJS  schedule 


(by  allowing  some  of  the  jobs  in  V3  to  be  completely  processed  on  m2).  □ 

In  the  next  section  we  will  use  the  above  properties  to  develop  a pseudopolynomial 
dynamic  programming  algorithm  for  generating  optimal  schedules  for  the  2FJS. 

5.3  A Dynamic  Programming  Algorithm  for  the  2FFS 

5.3.1  Description  of  the  DP  Algorithm 

Assume  that  the  set  J — {j\,  j2, . . . , jn)  is  ordered  according  to  Johnson’s  order. 
Define  the  quantities: 


Pi  = Pi\  + p,2  for  i — 1,2,...,  n, 
MS  = E"=i  Pi, 


Prnax  — maX;  , 


Ai  = Ej=i  Pi for  * = 1,2, . . 


n and 


fi(t,x,id)  = the  makespan  of  an  optimal  schedule  with 
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- total  processing  time  on  mj  of  jobs  in  V3  p|{ji, i2>  • • • > ji}  equal  to  1 3,  of 
jobs  in  Vi  f){ji,ji,  ■ ■ -,ji}  equal  to  tu  of  jobs  in  V4  f\{jij2,  ■ ■ ■ Ji } equal 
to  ^4  5 

- total  processing  time  on  m2  of  jobs  in  V4  Hlii’  • • • » ji}  eclual  to  <4,  of 
jobs  in  V3  J2,  •■■Ji}  equal  to  t'3 ; 

- idle  time  on  m4  is  id. 

For  an  easy  reference  to  the  above  notation  see  Figure  5.4.  Observe  that  if  we 
know  the  values  t4,  t3,  t4,  t3,  t\  then  we  can  infer  that  the  total  processing  time 
of  jobs  in  y2nOi,;2,...,  ji}  on  m2  is  equal  to  F2  p|{ji,  j2, . . . , jj  on  m2  is  equal  to 
A i — (t3  + <1  + t4  + t4  + t3),  and  thus  the  makespan  of  the  set  of  jobs  . . . Ji} 

can  be  completely  specified  by  knowing  the  values  of  the  six  parameters  that  appear 
as  arguments  in  the  function  /,(•)• 

By  definition,  the  variables  t j,  t3,  t4,  t3 , t\  can  assume  the  following  values: 

n 

o < t3,  t4  < ^Pn, 

t=l 

n 

0 < t3,  t4  < ^^pi2,  and 

i=i 

n 

t\  < MS  — p,-. 

1=1 

Boundary  Conditions:  /o(0, 0,  id,  0, 0)  = id  for  0 < id  < MS,  and 
fo{t3,ti,id,t4,t'4,t3)  = oo  otherwise. 

Recurrence  Relation: 
fi(j‘3’)tl,ld,t4,t4,t3)  — 

max{t3  + t4  4-  id  + t4,  A{  — (t3  + t4  + t4),  /,_i  (<3  — p,i,  t4,  id,  t4,t3  — pt2 ) } 
if  t3  < Ai  — (t\  + t3  + t4)  — pi2 

_ • max{<3  + t4  + id  + t4,  Ai  — (t3  4- 1\  4- 14),  fi-4(t3,  t4,id,  t4  — p,-2,  t'4  — pn,t3 )} 

if  t'4  < t3  4- 14  4"  t4  4-  id  — p,2  (1) 

max{t3  4- 14  4-  id  4- 14,  A{  — (t3  + t4  + t4),  /i_i(t3,  t4  — pi,id  4-  pi,  t4,  t\,  t3)} 
k max{t3  4- 14  4-  id  4- 14,  At  — (t3  4- 14  4- 14),  /,_i(t3,  t4,id,  t4,  t\,  t3)}. 
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Optimal  Solution: 

Let  /*  denote  the  optimal  solution  to  the  dynamic  program  (1)  with  the  above 
given  boundary  conditions.  Then 


/*  = min  { min{/n(t3,  tu  id,  t4 , t\,  t'3)  : 0 < t3,  tut4,  t\,  t'3  < MS,  0 < id  < pmax}-  (2) 


Justification: 

At  the  i-th  stage  of  the  dynamic  program,  job  j,  has  to  be  scheduled.  The  first 
branch  of  the  recursive  relationship  (1)  corresponds  to  the  case  that  ji  is  scheduled 
to  be  processed  in  V3,  the  second  to  the  case  that  ji  is  included  in  V4,  the  third  to 
the  case  that  ji  is  included  in  Vj,  and  the  fourth  branch  corresponds  to  the  case 
that  ji  is  included  in  V2.  For  the  first  and  the  second  branch  we  have  to  ensure 
feasibility  of  the  schedule,  i.e.  the  starting  time  of  task  (i,  2)  must  be  no  earlier  than 
the  finishing  time  of  task  (*,  1).  For  the  first  branch  this  is  expressed  in  the  condition 
t3  < A,  — (t4  + t3  + t4)  — pi2,  and  For  the  second  branch  this  is  expressed  in  the 
condition  t4  < t4  -{- 13  + t4  id  — p^.  The  minimum  over  the  values  obtained  by  the 
four  branches  of  our  recurrence  relationship  determines  the  value  of  /;(•)  as  depicted 
in  (1). 

For  the  special  case  of  the  2FFS  the  recursive  relationship  (1)  can  be  simplified 
into 


fi(t3,t\,ldj}  — 


' 

— min  < 


max{t3  + t4  + id,  A ; — (t3  + t4),  /,_1(f3  — pn,t4,  id)} 

If  t3  < Ai  — (t3  + 1 1)  — pi2 

max{t3  + t\  + id,  Ai  — (t3  + t4),  fi-4(t3,  t\  — p,-,  id  + pi)} 
max{f3  + t\  + id,  Ai  — (t3  + t4),  /,_x(t3,  t4,  id)}. 


(3) 


and  the  boundary  conditions  are 

/o(0, 0,  id)  — id  for  id  = 0, 1, ... , ^"=1  Pn  and 

fo(t , x,  id)  = 00  otherwise. 
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Complexity  of  the  DP  algorithm: 

Let  us  refer  to  the  recursive  relationship  (1).  It  is  evident  that  none  of  the  variables 
Lb,  t\i  id,  t4,  t'4,  t'3  can  take  on  a value  greater  than  MS.  Also  the  index  i can  take  on 
values  1, 2, . . . , n.  Hence  the  number  of  states  of  the  dynamic  program  is  0(nMS6). 
For  each  state  it  takes  0(  1)  effort  to  evaluate  relationship  (1),  and  therefore  the 
asymptotic  complexity  of  our  dynamic  programming  algorithm  is  0(nMS6).  For  the 
special  case  of  2FFS  the  recursive  relationship  (3)  has  only  G(nMS 3)  states  and  using 
a similar  argument  as  above  we  can  conclude  that  the  asymptotic  complexity  of  our 
dynamic  programming  algorithm  for  this  case  is  0(nMS3). 

5.4  Flexible  Job  Shop  versus  Traditional  Flowshops  and  Parallel  Machines 

Johnson’s  algorithm  (JA)  can  be  thought  of  as  a heuristic  procedure  for  2FJS  and 
2FFS.  Below  we  perform  a worst  case  analysis  of  the  algorithm  when  applied  to  the 
2FJS  and  2FFS  environments.  Let  Cfs , C2ffSi  C2fjs  be  the  optimal  finishing  time 
of  the  traditional  flowshop,  flexible  flowshop  and  flexible  job  shop  respectively.  Then 
we  have  the  following  theorem. 

Theorem  10  < 2 and  the  hounds  are  tight,. 

Proof.  The  2FFS  environment  is  a subsystem  of  2FJS  and  therefore  C2FJS  < C2ffs- 
This  proves  the  first  inequality  of  the  theorem.  For  the  second  inequality,  consider 
the  2FJS  schedule  depicted  in  Figure  5.4.  We  will  show  that  Cfs  < 2C2fjs-  Indeed, 
let  S be  the  sequence  of  jobs  where  jobs  in  the  class  V\  are  followed  by  the  jobs  in 
the  classes  V2,  V3,  V4  without  any  idle  time  in  between.  If  a single  machine  where  to 
process  the  entire  processing  load  of  p,-  = p + i 1 + p;2  of  job  j,-,  it  would  finish  all  jobs 
at  time  MS.  Since  a traditional  flowshop  processes  pn  units  at  stage  1 and  p,-2  units 
at  stage  2,  its  makespan  is  no  more  than  MS,  i.e.  Cfs  < MS. 

Note  that  C2fjs  > \MS  because  a total  of  MS  processing  units  needs  an  average 
of  \MS  units  in  each  of  the  two  machines  of  2FJS.  The  last  two  relations  establish 
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that  Cps  < 2C2fjs-  To  see  that  the  bounds  of  the  theorem  are  tight,  consider  the 
problem  with  n + 1 jobs  and  processing  times  pn  = 1 for  i = 1, 2, . . . , n,  pn+ 1,1  = n 
and  = 0 for  i = 1, 2, . . . , n + 1.  One  can  easily  see  that  C2ffs  — C2fjs  = n while 
Cfs  = 2 n.  Thus  for  this  example  ,,6f g = Tf?.  = 2.  □ 

In  effect,  the  above  theorem  shows  that  Johnson’s  algorithm  provides  a heuristic 
for  2FFS  and  2FJS  with  a tight  error  bound  of  2.  Observe  that  the  example  used  to 
prove  tightness  of  the  above  bound  does  not  utilize  the  second  stage  of  FS.  Equiva- 
lently, the  load  ratio  LR  = ^ ^ approaches  00.  In  practice  however  LR  does  not 
assume  such  extreme  values  and  often  LR  is  close  to  1.  Intuitively,  when  LR  is  in  the 
neighborhood  of  1 the  FS  environment  performs  very  well  (as  compared  with  2FJS) 
because  both  stages  have  about  the  same  load  and  therefore  it  is  very  likely  that 
both  machines  work  simultaneously.  As  LR  becomes  bigger  than  1,  it  harder  to  keep 
both  stages  of  the  FS  simultaneously  busy  and  therefore  its  performance  becomes 
significantly  inferior  to  2FJS. 

We  now  turn  our  attention  to  the  performance  of  the  two  parallel  identical  ma- 
chine environment  (n)  as  compared  with  the  performance  of  2FJS.  Let  Cn  be  the 
optimal  makespan  of  n.  The  following  theorem  gives  a bound  for  the  ratio  qC”js  ■ 

Theorem  11  C^JS  < 1 + where  pmax  = max,  pi,  and  this  bound  is  tight. 

Proof.  Consider  an  optimal  schedule  S for  n.  Let  Ci,  C2  be  the  makespan  of  mi,  m2 
respectively.  Assume  without  loss  of  generality  that  Ci  < C2  (and  thus  Cn  — C2). 
Then  the  job  ji  scheduled  last  on  m2  has  processing  time  pi  > C2  — C\  otherwise  we 
can  schedule  ji  on  mi  and  improve  the  makespan  of  n;  contradiction  to  optimality  of 
5.  Thus,  Cn  < Ci+Pmax.  Then,  Cn-\MS  < C,1+pmax-|(C1+C'n  = pm.*-\(Cn-Ci) 
< 2 Pmax j or  cn  — | MS  < 2 Pmax • Also,  C2fjs  > |pmax-  Combining  the  last  two 
relations,  we  get  ^ <1  + < 1 + ^ . 

To  see  that  this  bound  is  tight  consider  a problem  with  n jobs  where  n is  an  odd 
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integer.  Also  assume  that  all  n jobs  have  the  same  processing  time  t and  that  there 
exists  at  least  one  job  ji  with  pn  = p ,-2  = |.  It  easy  to  see  that  for  this  problem 
Cn  = while  Cifjs  — y-  If  n = 2k  + 1 for  some  integer  k,  we  have  that  < 

1 + kt+^t=  ^ Tkt+t ' Since  pmax  = t and  MS  = (2k  + 1)<,  the  bound  is  tight.  This 
completes  the  proof  of  the  theorem.  □ 

The  above  theorem  indicates  that  the  difference  in  performance  of  n and  2FJS 
depend  on  pmax  and  the  total  workload  MS.  For  big  workloads  that  consist  of  jobs 
with  small  processing  time  variation,  the  term  of  the  above  bound  is  small  and 
therefore  n and  2FJS  have  similar  performance.  For  small  workloads  that  consist  of 
a few  big  jobs  the  term  is  big  and  therefore  2FJS  significantly  outperforms  n. 


CHAPTER  6 


MANPOWER  PLANNING  IN  MIXED  MODEL  TRANSFER  LINES 

6.1  Introduction 

Several  cells  arranged  in  series  and  typically  connected  by  a continuous  material 
handling  system  form  a serial  assembly  line.  Such  lines  are  designed  to  assemble 
component  parts  and  perform  any  related  operation  necessary  to  produce  a finished 
product.  Group  technology  and  serial  assembly  systems  can  be  combined  to  produce 
families  of  parts  more  economically  than  traditional  process  and  product  layouts.  In 
serial  assembly  systems  the  equipment  to  make  similar  parts  or  families  of  parts  is 
grouped  together  in  a cell  designated  for  these  parts.  This  way  a process  layout, 
characteristic  of  job  shops,  is  changed  to  a small  well-defined  product  layout.  Se- 
rial assembly  systems  can  be  configured  in  many  ways  including  a U shape  as  the 
Japanese  have  demonstrated,  in  an  L or  in  a C shape,  see  Adam  and  Ebert  (1992). 
These  layouts  in  conjunction  with  just-in-time  (JIT)  production  can  transform  the 
classic  job  shop  into  a world-class  manufacturing  system. 

Among  the  advantages  of  serial  assembly  systems  are  lower  work-in-process  in- 
ventories, reduced  material  handling  costs,  shorter  production  flow  times,  simplified 
production  planning  of  materials  and  labor,  improved  visual  control  and  fewer  tool- 
ing changes.  Overall  performance  often  increases  by  lowering  production  costs  and 
improving  on-time  delivery.  Quality  should  increase  as  well  although  this  might  take 
other  interventions  beyond  the  layout  change.  Several  researchers  have  considered 
the  effect  of  serial  assembly  lines  in  manufacturing  including  Chen  and  Adam  (1991), 
Flynn  and  Jacobs  (1987),  Fry  et  al.  (1987),  Goodrich  (1988),  Hyer  and  Lea  (1984). 
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Transfer  lines  are  a popular  class  of  serial  assembly  systems  for  which  the  han- 
dling system  indexes  parts  on  the  line  ahead  to  the  next  cell  every  c time  units.  The 
time  period  c is  called  the  production  cycle  of  the  transfer  line.  In  a transfer  line 
consideration  of  breakdowns  is  of  great  importance  (see  Askin  and  Standridge,  1993 
pp  67).  The  manufacturing  environment  of  the  problem  treated  in  this  chapter  is  a 
transfer  line.  The  automobile,  fire  truck,  aircraft  and  PC  board  assembly  are  just 
a few  applications  of  labor  intensive  transfer  lines.  In  this  chapter  we  address  man- 
power planning  issues  in  such  lines. 

Before  we  discuss  the  relation  of  our  model  with  existing  literature,  we  will  first 
define  it  precisely.  A set  J — { Jj,  J2, . . . , Jn]  of  jobs  is  to  be  processed  on  a serial 
assembly  line  that  consists  of  m stations.  Each  job  J,  consists  of  m ordered  tasks. 
The  j-th  task  must  be  processed  by  the  j’-th  station  STj  of  the  assembly  line.  Ev- 
ery task  must  be  completed  within  a prespecified  production  cycle  of  c periods.  We 
assume  that  the  number  of  workers  needed  to  complete  the  j-th  task  on  STj  within 
c periods  is  M,j.  Hence,  each  job  J;  is  an  m-tuple  of  manpower  requirements.  Our 
problem  is  to  find  a permutation  of  the  jobs  that  minimizes  the  maximum  manpower 
requirement  over  all  production  cycles.  To  compute  the  manpower  requirement  dur- 
ing some  cycle  one  has  to  add  up  the  individual  requirements  of  all  the  stations  of  the 
assembly  line.  We  assume  that  workers  are  assigned  to  stations  only  at  the  beginning 
of  each  production  cycle  and  each  worker  is  eligible  to  be  assigned  to  every  station. 

The  transfer  line  environment  that  we  study  bears  some  similarities  with  the  mixed 
model  assembly  line  environment.  Due  to  market  considerations  recent  attention  to 
product  variety  has  led  to  the  use  of  mixed  model  lines  where  several  variations  of 
a basic  stable  design  are  allowed  to  be  on  the  line  at  the  same  time.  Example  of 
such  products  could  be  different  models  of  a car  where  each  model  may  come  with 
a variety  of  options.  Then,  depending  on  the  model  and  options  each  car  has  dif- 
ferent processing  requirements.  In  most  mixed  model  assembly  lines  the  conveyance 
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system  moves  at  constant  speed  and  the  models  are  introduced  in  the  line  in  equal 
time  intervals,  see  Dar-El  and  Cother  (1975),  Okamura  and  Yamashima  (1979),  Tho- 
mopoulos  (1967).  Safety  buffers  are  utilized  to  hedge  against  starvation  and  blockage 
of  stations. 

Mixed  model  lines  have  received  significant  attention  over  the  last  years.  A great 
part  of  the  literature  addresses  design  issues  that  include  the  number  of  stations  as 
well  as  the  throughput  time  of  the  line  (see  Bard,  1989  and  Bard  et  al.,  1992).  In 
a survey  paper  Baybars  (1986)  presents  a detailed  description  of  the  assembly  line 
balancing  problem  and  summarizes  findings  for  exact  algorithms.  Baybars  and  Frieze 
(1986)  discuss  the  performance  of  heuristics.  Another  issue  encountered  in  mixed 
model  assembly  lines  is  the  sequencing  of  models  with  primary  objectives  the  con- 
trol of  work-in-process  inventories  and  smooth  production.  Research  in  this  area 
includes  the  work  of  Dar-El  and  Cother  (1975),  Miltenburg  (1989),  Okamura  and 
Yamashina  (1979),  Thomopoulos  (1970),  Steiner  and  Yeomans  (1993)  and  Wittrock 
(1985).  Other  issues  that  arise  in  mixed  model  lines  have  been  detailed  by  Dar-El 
(1977). 

In  the  mixed  model  assembly  line  the  usual  assumption  is  that  workers  move  in 
an  asynchronous  fashion  i.e.  a worker  moves  into  a bottleneck  station  as  soon  as  he 
completes  his  current  task.  As  a result  the  time  to  subassemble  each  model  in  each 
station  is  not  constant  and  depends  on  the  labor  movement  along  the  line.  Note  that 
this  assumption  removes  the  manpower  problem  since  in  this  case  the  workers’  idle 
time  is  minimized.  However,  to  ensure  smooth  production  the  above  assumption  rely 
on  intelligent  inventory  control  and  many  times  on  the  installation  of  buffers. 

The  difference  between  our  problem  and  the  mixed  model  assembly  line  lies  in  the 
assumptions  made  for  the  movement  of  jobs  and  workers  along  the  line.  More  specif- 
ically we  assume  a common  production  cycle  for  all  tasks  and  synchronous  worker 
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movement.  In  what  follows  we  further  discuss  these  two  assumptions.  In  some  au- 
tomobile, fire  truck  and  aircraft  assembly  safety  buffers  are  impossible  to  maintain 
(e.g.  it  is  not  cost  justified  to  keep  in  inventory  fire  truck  engines).  In  this  case  the 
common  production  cycle  assumption  of  our  model  is  a good  way  to  hedge  against 
line  breakdown.  This  assumption  allows  the  coordination  of  the  supply  chain  so  that 
every  major  expensive  part  used  during  a subassembly  is  delivered  to  the  appropri- 
ate station  just  before  the  commencement  of  the  next  production  cycle.  In  this  case 
materials  requirement  planning  can  be  carried  out  with  great  accuracy  and  the  manu- 
facturer is  able  to  request  parts  from  his  vendor  well  in  advance.  From  the  managerial 
point  of  view  this  coordination  is  of  unique  importance  because  it  eliminates  major 
investments  in  work-in-process  inventories  and  reduces  the  risk  of  stopping  the  as- 
sembly line  which  can  be  extremely  costly  for  labor  intensive  operations. 

Our  experience  with  manufacturers  that  rely  heavily  on  labor  is  that  managing 
asynchronous  worker  movement  is  an  extremely  difficult  managerial  task.  Asyn- 
chronous movement  allows  workers  to  ‘hide’  in  the  crowd  since  it  is  not  easy  to  keep 
track  of  the  exact  station  that  each  worker  should  be  at  every  point  in  time.  As  a 
result  a great  amount  of  working  capacity  is  lost  and  before  long  the  entire  line  is  in 
havoc.  Then,  a simple  approach  to  manpower  management  is  to  assign  as  few  workers 
in  each  station  as  necessary  to  complete  the  subassembly  of  the  corresponding  station 
within  the  c periods  of  the  production  cycle.  Workers  are  assigned  to  a station  in  the 
beginning  of  a cycle  and  do  not  leave  this  station  before  the  cycle  has  expired.  We 
refer  to  this  approach  as  synchronous  worker  movement. 

The  synchronous  worker  movement  simplifies  the  manpower  planning  by  limiting 
management  intervention  regarding  communication  and  coordination  of  the  workforce 
to  the  beginning  of  the  production  cycle.  Also  it  makes  easier  to  recognize  problems 
on  the  line  since  at  any  time  a number  of  workers  are  directly  responsible  for  their 


station. 
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It  is  evident  that  under  the  synchronous  worker  movement  assumption  some  sta- 
tions might  be  assigned  slightly  greater  working  capacity  than  they  actually  need  to 
complete  a subassembly  in  c periods.  In  reality  however,  the  workers  of  each  station 
pace  themselves  while  making  sure  that  their  subassembly  will  be  complete  at  the  end 
of  the  production  cycle.  Also,  observe  that  depending  on  the  various  models  currently 
processed,  the  line  will  have  less  than  maximum  manpower  requirements  during  some 
production  cycles.  In  practice  the  workforce  consists  of  permanent  employees  and 
temporary  workers  that  are  hired  from  a pull  of  contracted  labor.  In  case  that  the 
permanent  workforce  exceeds  the  requirements  of  a production  cycle  the  extra  work- 
ers are  assigned  to  ancillary  operations,  preparation  work  for  upcoming  models  or  for 
training  in  other  stations  in  order  to  retain  high  skill  flexibility.  When  the  permanent 
workforce  is  insufficient,  extra  workers  are  temporarily  hired. 

Note  that  the  common  production  cycle  c can  be  easily  adjusted  by  adding  or 
removing  workers.  Therefore,  the  tools  that  we  develop  in  the  following  sections  can 
be  used  not  only  for  configuring  the  assembly  line  but  also  for  testing  the  effects 
of  design  changes  on  the  manufacturing  process.  For  example,  redesigning  a fender 
changes  the  labor  requirements  associated  with  a particular  model.  Such  changes  are 
especially  important  in  the  rapidly  innovative  industries  mentioned  earlier.  For  this 
reason  we  are  interested  in  developing  fast  algorithms  to  solve  our  manpower  problem 
so  that  it  can  be  used  as  a design  tool. 

Some  work  has  been  done  on  manpower  planning  of  assembly  lines  that  produce 
a single  item.  Bartholdi  (1992)  has  presented  a case  study  in  which  workers  perform 
on  different  tasks  of  the  same  item  while  Pinto  et  al.  (1981)  have  developed  branch 
and  bound  and  heuristic  procedures  for  the  case  that  workers  perform  the  same  task 
on  different  items.  The  importance  of  decentralized  workforce  control  is  captured  by 
Bartholdi  and  Eisenstein  (1993)  where  every  worker  of  the  assembly  line  follows  a 
simple  rule  of  what  to  do  next.  To  the  best  of  our  knowledge  no  research  has  been 
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done  on  the  sequencing  problem  of  mixed  model  transfer  lines  with  primary  objec- 
tive to  minimize  manpower.  The  protocol  of  operations  described  above  is  currently 
implemented  by  a fire  truck  manufacturer  from  which  this  research  is  motivated.  In 
this  fire  engine  plant  all  stations  have  the  same  production  cycle  and  the  manpower 
is  assigned  in  the  beginning  of  each  production  cycle. 

The  rest  of  the  chapter  is  divided  into  7 sections.  In  Section  6.2  we  define  the 
problem,  and  in  Section  6.3  we  solve  optimally  the  case  of  2-station  assembly  lines. 
We  show  that  the  problem  becomes  TWP-complete  for  three  stations,  in  Section  6.4. 
This  observation  leads  to  the  search  for  heuristic  algorithms.  In  Section  6.5  we  de- 
velop several  heuristics  as  well  as  lower  bounds  to  evaluate  them.  We  analyze  the 
worst  case  error  bound  and  average  performance  of  these  heuristics  in  Section  6.6.  In 
Section  6.7  we  exploit  the  trade-off  between  the  length  of  the  production  cycle  and  the 
corresponding  manpower  requirements.  Also  we  offer  a way  to  divide  the  workforce 
in  workers  that  are  specialized  for  some  station,  and  utility  workers.  Closing  remarks 
are  made  in  Section  6.8. 

6.2  Description  of  the  Assembly  Line  Problem 

The  following  notation  will  be  used  throughout  this  chapter: 
n : number  of  jobs 
m:  number  of  stations 
c:  production  cycle 
«/,:  the  i-th  job  of  J = { J1?  J2,  • • • , Jn) 

STy.  the  j- th  station  of  ST  = {ST\,  5T2, . . . , STm} 

Mij:  the  manpower  requirement  of  job  J,  on  station  STj  in  order  to  complete  the 
j-th  task  of  Ji  in  c periods,  i = 1, 2, . . . , n,  j = 1, 2, . . . , m. 

We  consider  a serial  assembly  line  with  m stations.  A target  production  cycle  of 
c periods  is  given  along  with  a set  J of  n jobs.  Each  job  Ji  (E  J has  an  associated 
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ra-tuple  where  the  j- th  component  Mtj,  is  the  number  of  workers  needed  to  process 
job  J,  through  the  j- th  station  of  the  assembly  line  within  c time  periods.  All  jobs 
enter  from  the  first  station  and  are  transferi'ed  to  the  next  station  of  the  line  after 
c periods.  The  objective  is  to  find  a permutation  of  the  jobs  that  minimizes  the 
maximum  workforce  level  of  the  production  cycles. 

For  ease  of  presentation  we  give  the  formulation  of  the  problem  when  m = 2. 
Then  we  have  the  2-station  transfer  line  problem  which  we  will  denote  by  2SAL.  This 
problem  is  stated  as  follows:  A set  J of  simultaneously  available  jobs  is  given  to  be 
processed  on  two  stations.  Every  job  J;  consists  of  two  tasks.  The  first  task  must 
be  processed  at  ST\  for  c periods  and  upon  completion,  the  second  task  continues 
at  ST2  where  it  stays  for  another  c periods.  For  convenience,  we  will  use  the  pair 
to  denote  job  J,.  It  is  assumed  that  no  station  can  handle  more  than  one 
task  at  a time  and  no  task  can  be  interrupted  once  it  has  begun  processing.  Let 
S — J[i]J[i\  • • • J[n]  denote  a sequence  of  jobs.  The  manpower  needed  for  5,  denoted 
by  M(S),  is 


M(S)  = max{Mj  1,  Mj  ,2,  max 

11  1 1 l<i<n-l 


(MJ[i  ],2  + -^[,+iJ.l)} 


The  problem  is  to  find  an  optimal  schedule  S*  such  that  M(S*)  < M(S)  for  every 
schedule  S.  The  definition  of  the  problem  is  similar  for  more  than  2 stations. 

To  facilitate  the  rest  of  the  chapter  we  introduce  an  example. 

Example  1:  Consider  the  2-station,  5-job  problem  of  Table  6.1. 

The  sequence  S = J3J4J5J2J1  is  also  written  down  in  Table  6.1.  In  the  layout  used 
each  of  the  6 columns  correspond  to  one  of  the  n -f  m — 1 — 6 production  cycles.  For 
example,  during  the  2nd  production  cycle,  ST 2 requires  1 worker  while  STi  requires 
8.  Namely,  job  J3  occupies  ST2  at  the  same  production  cycle  that  J4  occupies  STi. 
For  this  particular  sequence  5,  we  observe  that  M(S)  = 13  and  this  level  is  attained 
in  the  third  and  fourth  production  cycle. 
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Table  6.1.  A 5-job  example  for  2SAL 


Job 

Manpower  Req’s 
Mu  Ml2 

Ji 

2 

7 

h 

4 

5 

J3 

6 

1 

Ja 

8 

3 

J 

10 

9 

61  <-  J3 

8 3 < — J\ 

10  9 «-  J5 

4 5 <-  J2 

2 7 < — Ti 


6.3  The  2SAL  Problem 

In  this  section,  we  will  provide  a polynomial  algorithm  that  solves  the  2SAL 
problem  optimally.  Our  approach  is  based  on  a representation  of  the  problem  by  a 
bipartite  graph. 

6.3.1  Formulation  of  2SAL 

A dummy  job  (0, 0)  is  added  to  the  job  set,  whose  cardinality  now  becomes  n + 1. 
Let  B = B(E\,E2)  be  a (n  + 1)  x (n  + 1)  complete  bipartite  graph.  The  set  E\ 
corresponds  to  the  manpower  requirements  of  the  first  task  of  jobs  in  J . The  vertices 
{u0,  v\,v2, . . • , un}  in  Ex  are  labeled  by  Mox  = 0,  Mu , M2 1, . . . , Mn\.  We  assume  that 
Moi  < Mxx  < M2 1 < . . . < Af„i  and  that  the  label  of  V{  is  Mu  for  0 < i < n.  The 
set  E2  corresponds  to  the  manpower  requirements  of  jobs  in  J at  ST2.  The  vertices 
{it0,  «i,u2,...,«n}  in  E2  are  labeled  by  M02  = 0,  Mj2,  M22, . . . , Mn2.  We  assume  that 
M02  < M\2  < M22  < . . . < Mn2  and  that  the  label  of  u,  is  M,-2  for  0 < i < n. 

Let  (Mu,  Mj2)  be  a job  in  J for  some  0 < i,j  < n with  corresponding  vertices 
Vi,  Uj.  Then  link  Vi  and  Uj  by  an  edge.  This  results  to  a set  of  n + 1 edges  which 
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correspond  to  the  n + 1 jobs.  Let  I be  this  set  of  edges.  Clearly  I is  a matching 
of  B because  no  two  edges  have  a vertex  in  common.  Let  S = J[\]J[2]  • ■ • J[n]  be 
a job  sequence  for  2SAL.  Then  S induces  in  5,  a second  matching  N,  as  follows: 
For  1 < i < n — 1 add  the  edge  Mj[l+1],i)  in  N.  Also,  include  the  edges 

(MjIn))2,M0i)  and  (M02,  Mj[1]ti)  in  N.  To  each  edge  ( Vi,uj ) in  N we  associate  a 
weight  Wij  equal  to  the  sum  of  the  labels  corresponding  to  the  endpoints  of  that  edge 
i.e.  Wij  = Mu  + Mj2.  We  illustrate  the  construction  of  the  bipartite  graph  B by  an 
example. 

Example  2:  Consider  the  instance  of  Example  1 in  Section  6.2.  Then  the  six  jobs 
(including  the  dummy  job  J0)  can  be  expressed  as  pairs  by  J0  = (0,0),  Jj  = (2,7), 
J2  = (4,5),  J3  = (6, 1),  J4  = (8,3)  and  J5  = (10,9).  Then,  I is  the  matching  formed 
by  these  pairs.  We  depict  B so  that  the  labels  Mu  appear  in  nondecreasing  order 
while  labels  Mj2  appear  in  nonincreasing  order;  see  Figure  6.1. 

Given  the  sequence  S — J3J4J5J2J1  the  matching  N\  (corresponding  to  the  dotted 
edges  of  Figure  6.1a)  is  Ni  = {(0,  7),  (2, 5),  (4,9),  (6, 0),  (8, 1 ),(10,  3)}  and  M(S)  = 13. 
On  the  other  hand  the  matching  N2  — {(0, 3),  (2, 9),  (4,  7),  (6, 5),  (8, 0),  (10, 1)}  does 
not  correspond  to  a sequence  because  I{JN2  forms  two  cycles  (see  Figure  6.1b). 
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Figure  6.1.  The  matchings  / and  N 


Proposition  3 A matching  N determines  a job  sequence  for  2SAL  iff  C = I [J  N is  a 
unique  cycle. 


Ill 


Proof.  Suppose  that  N determines  a job  sequence  Jqj . . . J[n]Jo ■ Then,  C = /(J  N is 
the  graph  that  consists  of  the  edge  6 / corresponding  to  Jp]  followed 

by  (Mj[1]t2,  MJ[ih i)  E N followed  by  the  edge  (Mj[2])i,  Mj[2])2)  6 I corresponding  to 
J[2]  . . . followed  by  (Mj[0])2,  Mj[x]t\)  E N.  Clearly,  C is  a unique  cycle  that  includes  all 
edges  of  /,  N. 

On  the  other  hand,  assume  that  there  is  a matching  N such  that  C — I (J  N is  a 
cycle  on  2 (n  +1)  vertices.  Then,  since  / is  the  matching  corresponding  to  the  set  of 
jobs,  N must  be  a matching  whose  edges  alternate  with  the  edges  of  I in  C.  Also, 
since  C is  a cycle  on  2 (n  + 1)  vertices,  each  of  I,N  includes  n + 1 edges.  From  C we 
can  construct  a job  sequence  for  2SAL  as  follows.  Define  an  orientation  for  C from 
Mu  to  Mi2  where  J,  is  an  arbitrary  job.  Starting  from  J0  scan  C according  to  the 
above  orientation.  Let  Jpj . . . J[n]  be  the  order  in  which  the  edges  of  / are  scanned. 
Since  C is  a unique  cycle  every  job  J,  E J is  included  in  the  above  sequence  precisely 
once;  i.e.  N determines  a job  sequence.  □ 

Note  that  if  I |J  N is  not  a cycle  then  N does  not  correspond  to  a job  sequence. 
Proposition  3 shows  that  the  2SAL  problem  is  a Bottleneck  Matching  problem  (see 
Papadimitriou  and  Steiglitz,  1982  pp  245)  with  the  additional  constraint  that  /(JiV 
forms  a unique  cycle.  The  bipartite  graph  formulation  of  2SAL  will  be  explored 
further  to  solve  optimally  the  2SAL  problem  in  polynomial  time. 

6.3.2  Solution  Procedure  for  2SAL 


Let  I be  the  matching  corresponding  to  the  jobs,  as  described  in  the  previous 
subsection.  We  want  to  find  a matching  N 7^  / such  that  I (J  TV  is  a cycle  and  such 
that  N minimizes  the  maximum  weight  on  its  edges.  Recall  that  0 < Mn  < M2 1 < 
...  < Mn\  are  the  labels  of  the  vertices  Vo,Vi, . . . ,vn  of  the  bipartite  graph  B and 
0 < M12  < M22  < . . . < Mn2  are  the  labels  of  the  vertices  u0,  ui, . . . , un  respectively. 
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Now  we  develop  the  algorithm  0-2SAL  which  as  we  will  show  shortly  produces  an 
optimal  solution  for  2SAL.  First,  we  observe  the  following  property. 

Property  9 Let  Al*  be  the  optimal  solution  for  2SAL.  Then,  M*  > max{M,i  + 
Mn_,-i2,  0 < i < n} 

Property  9 follows  directly  from  the  following  fact.  In  order  to  match  the  elements 
of  two  n-element  sequences  so  that  the  maximum  sum  of  matched  elements  is  mini- 
mized, then  the  i-th  element  of  the  nondecreasing  order  of  the  first  sequence  should 
be  matched  with  the  z’-th  element  of  the  nonincreasing  order  of  the  second  sequence. 
For  a formal  proof  of  this  property  see  Hsu  (1984). 

Property  9 signifies  that  the  manpower  requirement  of  Mu  + Mn_;)2  correspond- 
ing to  the  edge  (M,j,  M„_!>2),  does  not  exceed  the  optimal  level  M* . Hence,  a first 
approach  to  solving  2SAL  is  to  let  N be  the  set  of  edges  (M,i,Mn_!j2)  : 0 < i < n. 
If  I (JN  forms  a unique  cycle,  then  N corresponds  to  an  optimal  sequence.  This  is 
implemented  at  step  0 of  the  algorithm  that  follows.  In  general,  however,  / (J  N forms 
a number  of  cycles.  In  this  case  we  have  to  devise  an  optimal  strategy  of  merging 
the  various  cycles  into  one.  This  strategy  is  outlined  at  step  1 of  algorithm  0-2SAL 
below. 

Algorithm,  0-2SAL 

Input  : Mij  i = 1, 2, . . . , n,  j = 1,2  and  matching  / 

Output:  Optimal  sequence  S*  and  manpower  level  M* 

[0]  Order  {Mn  : i = 0, 1, 2, . . . , n},  {Mt2  : i = 0, 1, 2, . . . , n}  in  nondecreasing 
order 

N :=  0 

Add  to  N all  edges  (Mu,  Mn_,i2),  i — 0, 1, 2, . . . , n 
if  I(j  N is  a unique  cycle  then  STOP 

[1]  Order  {Mtl  + Mn_I+ i)2  : z = 1,2,...  ,n},  in  nondecreasing  order 
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i:=0 

repeat 

i:=i+l 

if  Mu,  Mn_,+ 1,2  belong  to  different  cycles  then  begin 

Delete  the  edge  (Mu,  My 2)  from  N where  My 2 is  the  label  of  the  vertex 
adjacent  to  V{  (whose  label  is  Mu)  in  N 

Delete  the  edge  (Mxi,Mn_,+ ii2)  from  N where  Mx\  is  the  label  of  the 
vertex  adjacent  to  wn-!+i  (whose  label  is  M„_,-+ 1,1) 

Add  the  edges  ( Mxi,My2 ) and  (Mu,  Mn_t+ii2)  to  N 

endif 

until  I (J  N is  a unique  cycle 

Let  k be  the  number  of  distinct  cycles  in  I(JN.  If  k > 1 step  1 of  0-2SAL  will  merge 
these  cycles  (two  at  each  iteration)  into  a unique  cycle.  Hence  after  k — 1 iterations 
of  step  1 the  algorithm  will  terminate.  We  will  illustrate  the  algorithm  by  means  of 
an  example. 

Example  3:  Consider  the  instance  of  Example  1 in  Section  2.  At  step  0 we  add  the 
edges  (0, 9),  (2, 7),  (4, 5), (6, 3),  (8, 1),  (10, 0);  the  dotted  edges  of  Figure  6.2a.  At  this 
point,  I(JN  consists  of  four  different  cycles.  Hence  we  go  to  step  1.  The  minimum  of 
{M,i  + Mn_i+lj2  : i = 1, 2, . . . , n}  for  which  Mu,  M„_1+1i2  belong  to  different  cycles 
is  Mu  + M52  = 2 + 9 = 11.  Delete  (0,9),  (2,7)  and  add  (2, 9),  (0,7).  Then  we  are 
left  with  three  cycles.  Delete  (4, 5),  (0,  7)  and  add  (4, 7),  (0, 5).  Now  I(JN  forms  two 
cycles;  namely  0 — 0 • - - 10  — 9 • • • 2 — 7 • • • 4 — 5 • • • 0 and  6 — 1---8  — 3**-6.  Delete 
(0,5),  (6,3)  and  add  (6,5),  (0,3)  to  merge  the  two  cycles  into  one.  The  cycle  induced 
by  0-2SAL  isC  = 0 — 0---10  — 9---2  — 7---4  — 5---6  — 1---8  — 3---0,  for  which 
M(C)  = 11.  The  optimal  sequence  is  J5J1J2J3J4  as  we  see  from  Figure  6.2b.  As 
mentioned  above,  at  the  end  of  Step  0,  I (J  N consists  of  a number  of  cycles.  By 
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construction,  every  cycle  traverses  an  even  number  of  vertices  because  once  the  node 
Mu  is  saturated  by  a cycle,  node  2 is  saturated  by  the  same  cycle,  as  well. 

Let’s  describe  the  structure  possessed  by  a cycle  C at  the  end  of  step  0 of  0-2SAL. 
Observe  that  every  time  that  two  cycles  are  merged  into  one,  we  delete  from  I[jN 
two  edges  and  then  add  another  two  edges  into  I [J  N.  Because  of  this,  C consists  of 
several  blocks  where  each  block  is  defined  as  a set  of  consecutive  (i.e.  one  next  to  the 
other,  at  the  graph  B)  pairs  of  vertices  n,-,  belonging  to  C . Hence,  C traverses  a 
block  of  vertices  M,lt  1,  Afn_;li2,  Mtl+i,i,  . . . , Mt-2,i,  Mn_,-2)2  possibly  followed 

by  another  block  of  vertices  M,3i1,  M„_,3i2,  M,- 3+i,i,  M„_,3_i,2,  . . . , M;4ii,  Afn_,-4)2  and 
so  on,  with  0 < i\  < i2  < *3  < i4  < . . . < iik-i  < h k,  assuming  that  C consists 
of  k distinct  such  blocks.  Consider  for  example  the  four  cycles  of  Figure  6.2a.  The 
cycle  0 — 0 • • • 10  — 9 • • • 0 contains  4 edges  and  consists  of  two  blocks.  The  first 
block  contains  the  vertices  M01,  M52  while  the  second  contains  the  vertices  M51,  Mo2. 
The  cycle  2 — 7 • • • 2 has  2 edges  and  consists  of  one  block  that  contains  the  vertices 
Mu,  M42.  Similarly,  the  cycle  6 — 1---8  — 3---6  has  4 edges  and  consists  of  one  block 
that  contains  the  vertices  M31,  M4i,  MJ2,  M22. 

One  can  see  that  at  step  1,  0-2SAL  computes  the  minimum  among  Mu  + Mn-i+ 1,2 
where  Mu  is  traversed  by  C and  Mn_,-+ ii2  is  not  traversed  by  C,  or  the  other  way 
around.  This  reflects  the  intuition  that  the  cheapest  way  to  incorporate  C into  a 
bigger  cycle,  is  to  utilize  one  of  the  edges  that  attain  the  above  minimum,  say  M.  To 
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prove  optimality  of  0-2SAL  it  is  necessary  to  show  that  M < M*.  This  is  done  in 
the  next  theorem. 

Theorem  12  The  solution  produced  by  0-2SAL  is  optimal. 

Proof.  If  at  the  end  of  step  0,  I[j  N is  a unique  cycle,  then  we  saw  that  Property  9 
guarantees  optimality.  Else  we  proceed  to  step  1.  Let  C be  a cycle  produced  by  0- 
2S  AL  at  step  0.  We  saw  that  C consists  of  a number  of  blocks  of  vertices.  Without  loss 
of  generality.  C is  comprised  by  the  blocks  M,-lt i,  Af„_,lt2,  M,-1+ 14,  A/n-q-i^, . . . , M,-2ii, 

Afn-t2,2)  •••5  ,2>  ■^«2ifc-i+l|l  > Mn—i2k_1—il2,...,Mi2kii^Mn—i2kt2  with 

0 < *1  < *2  < . . . < «2fc-l  < l2k- 

To  prove  the  theorem  we  need  to  show  that  at  every  iteration  of  step  1,  the  two 
added  edges  (Mxi,My2)  and  (Mtl,  Mn_,+1|2)  are  such  that  Mx\  + My2  < M*  and 
Mu  + Mn-i+ 1)2  < M*. 

Consider  the  edge  (Mxi,  My2).  If  y < n — x then  Mx i + My2  < Mx\  + Mn_x,2  < M* 
from  Property  9.  The  case  y > n — x never  occurs  in  our  algorithm  (except  of  course 
for  the  edge  Mu  + Mn_;+1)2  which  will  be  discussed  next),  because  we  only  add  edges 
(Mx i,  My2 ) with  y < n — x at  step  1 or  y = n — x at  step  0. 

Hence  we  are  left  to  show  that  Mu  + Mn_,-+ii2  < M*.  Consider  an  optimal  solution 
S*  for  2SAL  and  I\JN*  the  corresponding  cycle.  Since  the  vertices  traversed  by  C 
are  also  traversed  by  /|JAr*,  there  must  be  at  least  one  edge  e = (Mri,Ms2)  in  N* 
with  one  endpoint  in  C and  the  other  not  in  C.  We  distinguish  the  following  cases 
for  Mri,  Ms2: 

Case  i:  s > n — r,  Ms2  € C,  Mr\  £ C. 

The  bipartite  graph  for  this  combination  looks  as  in  Figure  6.3a.  Suppose  that  Ms2  be- 
longs to  the  /- th  block  of  vertices  of  C.  Let  this  block  be  M{2l_1}i,  Mn_,-2(_1)2, . . . , Mi :2<,i, 
Mn-i2h2  with  i2i- 1 < i2i.  Since  Mr\  £ C and  s > n — r,  we  have  that  Mr i > 

Also,  since  s > n — i2i  we  have  that  Ms2  > Af„_,-2i)2.  Therefore,  Afn_,-2()2  + Af;2l+i)i  < 
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MS2  + Mr\  < M*.  Hence,  minA/„_i+1  i2ec,Mn^c{Mi,i  + Mn-,+1,2}  < M*. 

Case  ii:  s > n — r,  Ms2  $.  C,  Mr\  6 C . 

This  combination  is  depicted  in  Figure  6.3b  and  is  symmetric  to  Case  i.  From  this  case 
we  obtain  minMil  6c,m„_1+ , ,2  { Af,  1 + Mn_i+1)2)  < M*.  Case  in:  s <n-r,  Ms2  £ C, 


Mj*2  Mn-i2l_ j+i,2 


j A/71— *21,2  Afs2 


Figure  6.3.  Supporting  figure  for  the  proof  of  Theorem  12 


Mri  £ C . This  combination  is  depicted  in  figure  3c.  Consider  the  block  of  vertices 
of  C that  includes  Ms2.  Let  this  block  be  Mn-i3l_lt2, . . . , Mn_,2li2  with 

i2i—\  < i2i.  Then,  in  iV*  the  n — *2/— 1 + 1 vertices  Mi2l_lti, . . . , Mn\  are  incident  to 
n ~ *2/— 1 + 1 vertices  from  A/02, . . . , Mn2.  Since  there  are  only  n — i2i-\  available  ver- 
tices of  the  form  Mj2  with  j < n — i2/— 1 , there  must  be  a vertex  A/,*,i  with  i*  > i2i-\ 
incident  to  some  A/,*i2  with  j*  > n — z2/— 1 + 1.  Then,  Af,-2I_ lti  + Mn-i2l_1+ii2  < 
A/,m  + Mj*<2  < M*  and  therefore  minMtl€C,M„_1+1,2^c{Mi  + Af„-i+il2}  < Af*. 

Case  ti>:  s < n — r,  Ms2  £ C,  Mr\  € C.  This  combination  is  depicted  in  Figure  6.3d 
and  is  symmetric  to  Case  iii.  From  this  case  we  obtain  that  minAfilgc,,M„_,+i  2ec,{M,-i  + 
A/n— i+1,2 } — A/*. 

Therefore,  min, {A/,!  + A/n_,+1 ,2  : A/;x,  Afn_,+i)2  belong  to  different  cycles)  < 
M*.  Since  the  four  cases  exhaust  all  possible  combinations  for  Mr\  and  Ms2 , the 
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theorem  is  proved.  □ 

Complexity  of  0-2SAL 

At  step  0 we  can  store  the  vertices  of  each  of  the  various  cycles  in  a linked  list  in 
O(n)  time.  N can  be  stored  in  two  vectors  A,  B so  that  A[i],  B[i\  are  the  vertices 
adjacent  to  w,-,  tq  respectively.  By  scanning  the  vertices  of  the  bipartite  graph  B 
from  left  to  right,  and  by  using  the  vectors  A , B , the  total  effort  spent  at  step  0 for 
labeling  vertices  that  belong  to  different  cycles,  is  O(n)  because  every  vertex  needs  to 
be  considered  once.  At  step  1,  the  ordering  of  edges  (Mu,  Afn_,+ii2)  with  endpoints 
belonging  to  different  cycles,  takes  time  at  most  0(n\ogn).  Let  C be  a stack  storing 
the  labels  Mu  top  to  bottom,  in  nondecreasing  order  of  Mu  + 1,2  ■ Using  C,  we 

can  detect  which  two  cycles  we  merge  next.  This  is  done  by  checking  whether  the 
endpoints  of  the  edge  (M,i,  M„_1+ li2)  corresponding  to  top  element  Mu  of  the  stack, 
belong  to  different  cycles.  If  they  do,  the  two  cycles  are  merged  next.  If  not,  the 
element  at  the  top  of  the  stack  is  discarded.  Hence  the  total  effort  spent  for  detecting 
which  cycles  to  merge  is  O(n).  The  additions  and  deletions  of  step  1 are  done  in  G(  1) 
time.  Also,  merging  two  cycles  is  equivalent  to  merging  two  linked  lists;  this  is  done 
in  0(  1)  time  as  well.  Thus  the  overall  complexity  of  0-2SAL  is  0(n  log  n)  due  to  the 
sorting  that  takes  place  at  steps  0 and  1. 

Having  proved  that  the  case  m — 2 is  polynomially  solvable,  we  consider  the 
complexity  of  the  problem  for  three  or  more  stations.  This  is  the  focus  of  the  next 
section. 


6.4  Complexity  Result 

In  this  section  we  show  that  the  manpower  problem  of  an  assembly  line  with 
three  stations  (3SAL)  is  strongly  A^-complete.  We  will  use  a reduction  from  the 
Numerical  3-Dimensional  Matching  problem  which  is  known  to  be  A/^'P-complete  in 
the  strong  sense;  see  Garey  and  Johnson  (1979). 
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Numerical  3-Dimensional  Matching  (N3DM) 

INSTANCE:  Given  disjoint  sets  A,  B , C each  containing  n nonnegative  numbers, 
and  a bound  M. 

QUESTION:  Can  A[J  B[JC  be  partitioned  into  n disjoint  sets  S\,  S2,  • ■ ■ , Sn  such 
that  each  Si  contains  exactly  one  element  from  each  of  A,  B,  C and  such  that 
Uses,  ^ = M for  i = 1, 2, . . . , n ? 

Without  loss  of  generality  we  can  assume  that  V a € A,  0 < a < K,  V 6 € 
B , K < b < 2 K and  V c € C,  3K  < c < 4 1\  for  some  value  K > 0,  otherwise  we  can 
add  K :=  max{r  :a:GA|j5lJC}to  every  element  in  B , 3A'  to  every  element  in 
C and  3 K to  M so  that  the  triplet  A',  B' , C'  satisfies  the  condition,  where  A!  = A, 
B1  = {K  + b : b € B]  and  C = {3  K + c:cC  C}.  In  the  next  theorem  we  assume 
that  the  triplet  A,  B,  C already  satisfies  this  extra  condition. 

Theorem  13  The  3SAL  problem  is  AfV-complete  in  the  strong  sense. 

Proof.  Let  X = ( A , B , C)  be  an  instance  of  N3DM.  From  X , construct  an  instance  I 
of  3SAL  having  the  following  5n  + 1 jobs: 

{(M,  1 ,a)  : a e A) 

{(M  — l,M  — a,  a)  : a 6 A} 

{( 0,b,0):beB } 

{(c,c,0)  : c € C) 

{(M  — c,  0,0)  : cG  C) 

We  will  show  that  X has  a solution  if  and  only  if  I has  a solution  with  manpower 
requirements  M.  Suppose  X has  a solution.  Let  ( a,b,c ) be  a triplet  of  X.  We  have 
that  a + b + c — M.  To  every  triplet  of  X,  we  correspond  the  following  ordered  block 
of  jobs:  (M,  l,a),  ( M — 1,  M — a,  a),  (0, 6,0),  (c,  c,  0),  (M  — c,  0, 0).  Given  a solution 
for  X as  an  ordered  set  of  n triplets,  we  have  an  order  of  the  n corresponding  blocks, 
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i.e.  an  order  for  5 n jobs.  Letting  job  (M,  M,  M)  to  be  the  job  following  the  previous 
5n,  we  have  a sequence  S for  I.  We  claim  that  S is  optimal.  In  S,  the  manpower 
level  is  M during  every  cycle.  Since  the  total  number  of  cycles  required  to  finish  I 
is  bn  + 3 and  the  total  requirements  are  (5 n + 3 )M,  the  optimum  manpower  level 
cannot  be  less  than  M.  Therefore  S is  optimal. 

On  the  other  hand  suppose  there  exists  a solution  for  I with  maximum  manpower 
requirement  M.  Then  the  manpower  level  during  any  cycle  must  equal  M because 
the  total  number  of  cycles  required  to  finish  / is  5n  + 3 and  the  total  requirements 
are  (5n  + 3)M.  Then,  the  last  job  must  be  (M , M , M)  since  this  is  the  only  job 
that  requires  M workers  in  the  last  station.  The  first  job  must  be  (M , 1 ,at)  for  some 
a,  € A because  this  is  the  only  type  of  job  that  requires  M workers  in  the  first  station, 
besides  (M,M,  Af).  The  second  job  must  be  (M  — 1 ,M  — dj,dj)  for  some  dj  6 A 
because  this  is  the  only  set  of  jobs  that  requires  M — 1 workers  in  the  first  station 
and  thus  adds  up  to  M units  with  the  second  task  of  the  first  job.  We  will  show 
that  in  order  for  the  manpower  level  to  be  M during  the  third  cycle,  we  must  have 
a,  = a,j.  Indeed,  let  x be  the  manpower  requirement  of  ST\  during  the  third  cycle. 
Then  the  total  requirement  for  this  cycle  is  a,  + (M  — dj)  + x and  this  must  equal  M, 
i.e.  d{  — dj  + x = 0 or  x = dj  — a,  < K . But  the  only  set  of  jobs  that  has  requirement 
less  than  I\  on  5Tj  is  {(0,  6, 0)  : b € B]  in  which  case  x = 0 =>  a,  = dj  = a. 

The  next  job  must  be  from  the  set  (0,6,0)  for  some  6 6 B because  this  is  the 
only  job  that  requires  0 units  in  the  first  station  and  thus  adds  up  to  M units  with 
the  first  two  jobs.  The  next  job  could  be  from  either  set  {(M  — c, 0,0)  : c G C } 
or  {(c,  c,  0)  : c € C}.  If  it  is  from  the  former,  then  there  must  exist  (a,  6,  c)  such 
that  d + 6 + ( M — c)  = M.  But  then,  a + 6 = c which  contradicts  the  fact  that 
a + 6 < 3 K < c,  according  to  the  definition  of  a,  6,  c.  Thus  a job  (c,  c,  0)  for  some 
c € C is  the  only  choice.  Then,  the  next  job  must  be  (M  — c,  c,  0)  because  this  is  the 
only  job  that  adds  up  to  M workers  with  the  previous  two  jobs. 
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Repeating  the  above  argument  we  see  that  an  optimal  sequence  consists  of  the 
previous  block  repeated  n times  with  last  job  being  (M,  M,  M).  Since  in  every  cycle 
the  manpower  level  must  be  M,  within  each  block  it  must  be  true  that  a + 6-f  c = M. 
Naturally,  if  there  exists  a sequence  S for  / with  M(S ) — M,  this  sequence  induces 
a solution  to  X by  each  triplet  been  the  triplet  (a,  b,  c ) inside  each  block.  This  com- 
pletes the  proof.  □ 

The  following  questions  arise  naturally.  What  determines  the  difficulty  of  schedul- 
ing an  m-station  assembly  line  optimally?  Can  this  difficulty  be  accounted  by  Group 
Technology  (GT)  techniques  in  the  design  of  the  line?  Note  that  if  n > m then  for 
every  sequence  S we  have 

min  Mjj  < M(S)  < max  Mij 

3 3 

and  therefore 

M(S)  Ej  max»  Mij  < ma xitj  Mjj 

M*  ~ Ej  m'nt  Mij  ~ min.j  Mij 

If  for  instance  max,j  Mij  < 2 min,- j Mij  for  every  station  j,  then  A^f'>  < 2 for  every 
sequence  S.  Therefore,  GT  can  improve  the  manning  of  transfer  lines  by  balancing 
out  the  workload  to  the  various  stations  or  cells.  In  Section  6.5  we  show  empirically 
that  the  smaller  the  ratio  “>aX|,;  , the  easier  it  is  to  find  good  heuristic  solutions. 

Theorem  13  shows  that  it  is  very  unlikely  that  there  exists  an  optimal  algorithm 
that  solves  mSAL  in  polynomial  time.  Thus,  we  focus  our  attention  to  heuristic 
approaches  in  order  to  obtain  satisfactory  solutions  for  the  3SAL  and  the  general 
mSAL  problem,  in  reasonable  time.  To  evaluate  these  heuristics  we  need  to  develop 
tight  lower  bounds.  We  focus  on  these  issues  in  the  next  section. 

6.5  Lower  Bounds  and  Heuristics 

Consider  the  general  mSAL  problem  with  m stations.  Let  M*  denote  the  optimal 
value  of  mSAL  and  Mh  the  corresponding  value  of  some  heuristic  H.  The  following 
result  provides  an  upper  bound  on  the  performance  of  any  heuristic  H. 
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Theorem  14  For  every  sequence  S,  M(S)  < mM*. 


Proof.  Suppose  that  the  value  M(S)  is  attained  in  the  production  cycle  k where 
l<k<n  + m — 1.  Then  M(S)  is  the  summation  of  the  manpower  levels  required 
by  the  m stations  during  cycle  k.  Let  these  requirements  be  a\,  <12, . . . , am. 

Then  ar  < max,j  M,j  < M*  for  every  l<r<m,l<i<n  and  1 < j < m. 


Therefore,  M(S ) < mM*.  □ 

A simple  lower  bound  can  be  established  for  mSAL  by  distributing  manpower 
requirements  as  even  as  possible  throughout  the  n + m — 1 production  cycles.  Namely, 


M*  > [-  1, 

Before  presenting  any  heuristic  we  need  to  develop  tight  lower  bounds  for  mSAL  in 
order  to  be  able  to  compute  the  deviation  of  the  heuristic  solution  from  the  optimal. 
We  do  this  by  utilizing  a surrogate  relaxation  approach  (see  e.g.  Glover  1975),  based 
on  the  following  integer  formulation.  Given  n jobs  with  manpower  requirement  vectors 

— 4 —4  —4 

Mi,  M2, . . . , Mn,  define  the  0-1  variable  Xiji 

| 1 if  job  i is  in  [j]-th  position; 


1 


0 otherwise. 
Then  the  mSAL  problem  is  formulated  as: 


(P)  MIN  Z 

s.t. 

£7=i  = 1 

i ■■ 

= 1,... 

,n 

(6.1) 

e:,i  xo  = 1 

j 

= !,.•• 

,n 

(6.2) 

xij  e {0, 1} 

(6.3) 

£?=i  £j=i  MijxiM i-j  < z 

k 

= 1,... 

. , m — 1 

(6.4) 

£Ll  £7=1  Mi,m-j+lXitk+j-l  < z 

k 

= 1,.., 

, , n — m + 1 

(6.5) 

£?=1  £j=0  Mi^-jXi'n+j-k  < Z 

k 

= 0,1, 

...  ,m  — 2 

(6.6) 
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Equations  (l)-(3)  correspond  to  the  assignment  constraints,  and  equations  (4)-(6) 
correspond  to  production  cycles  1,2,. ..  ,n  + m — 1.  In  particular,  equation  (4)  corre- 
sponds to  production  cycles  1, 2, . . . , m — 1,  (5)  to  production  cycles  m,m  + l,...,n 
and  (6)  to  production  cycles  n + l,...,n  + m — 1.  Let  Ai,  A2,  A3  be  the  set  of  con- 
straints described  by  (4),  (5),  (6)  respectively  and  A = A1IJA2IJA3.  For  a given 
vector  of  multipliers: 

V = {/<a  : A 6 A,0  < fix  < l,y^A  = 1} 

AeA 

the  multiplier  corresponds  to  the  A-th  production  cycle  and  the  surrogate  relax- 
ation of  ( P ) is  given  by: 

S(n)  = MIN  Z 

s.t. 

EagAj  Ei=l  Ej=l  ^ijxi,k+l-jP 
Ea£A2  l-lx  E,=l  Ej=l  ^i,m-j+lxi,k+j-l  + 

Eaga3  E1=i  Ej=o  Mi'm-jXi'n+j-k  < Z (6-7) 

(1),(2),(3). 

Thus,  to  solve  S(fi)  optimally,  we  can  equivalently  solve: 

S(v)  = M IN  £A6a,  EE  Ej=i  i-j+ 

Ea£a2  /'a  EE  EE  Mi<m-j+iXi,k+j- 1+ 

Ea6A3  EE  Ej=0  Mi'm-jXi'n+j-k  (6.8) 

s.t.  (1),(2),(3). 

This  formulation  corresponds  to  solving  the  assignment  problem  AP(fi): 

AP(/i)  = MIN  XE  ciixH 


s.t.  (1),(2),(3). 
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where 

m 

Cij  :=  ^ ] Hj+r-1  Mjr. 

r= 1 

Let  X(p)  be  the  solution  for  S(p).  If  Z(X)  is  the  value  of  (P)  for  the  solution  X and 
Z * the  optimal  value  for  (P),  then: 

S(p)  < Z*,  and 

Z{ X)  >Z*  = min{Z(X)}. 

Hence,  the  solution  of  S(p)  can  be  used  to  obtain  lower  bounds  for  (P).  It  is  essential 
in  this  algorithm  to  determine  the  multipliers  n\  that  result  to  tight  lower  bounds. 
The  following  heuristic  constructs  multiplier  vectors  that  have  shown  empirically  to 
be  very  satisfactory.  For  given  vector  p the  assignment  X found  by  the  assignment 
problem  (8),  produces  a feasible  sequence  for  mSAL , say  S.  Starting  with  S we 
perform  pairwise  interchanges  of  jobs  systematically,  until  no  improving  interchange 
is  possible.  This  procedure  is  known  in  the  literature  as  20PT  heuristic,  and  has 
been  successfully  applied  to  difficult  combinatorial  problems  including  the  Traveling 
Salesman  problem  in  Lin  and  Kernighan  (1973).  The  resulting  sequences  produce 
upper  bounds  for  mSAL  and  thus,  SRI  produces  both  lower  and  upper  bounds. 
Heuristic  SRI 

Input  : Mij  i = 1, 2, . . . , n,  j = 1, 2, . . . , m 

Output:  Lower  and  Upper  bounds  (LB,  UB  resp.),  on  the  optimal  manpower  level 

[1]  UB:=+  oo 

[2]  LB  :=  0 

[3]  Let  pk  :=  n+^i_1 , fc  = l,2,...,n  + m-l 

[4]  Solve  the  (AP)  with  ctj  :=  n+^I-1-  £X=i  Mik , 1 < i,j  < n 

[5]  Let  S be  the  resulting  sequence  and  Zs  the  corresponding  value. 
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[6]  Repeat 

[7]  If  (Zs  > LB)  then  LB  :=  Zs 

[8]  Apply  20PT  to  S.  Let  S'  the  new  sequence. 

[9]  If  (M(S')  < UB)  then  UB  :=  M(S') 

[10]  Compute  the  per  cycle  manpower  req’s  of  S',  say  R\,  i?2, . . . , Rn+m- i- 

[11]  Let  nk  :=  , k = 1, 2, . . . , n + m - 1. 

2^k=l  R>* 

[12]  Solve  the  (AP)  with  c,j  :=  /4;+r-i  Af,>,  1 < hj  < n 

[13]  Let  S be  the  resulting  sequence  and  Zs  the  corresponding  value. 

[14]  Until  (\LB  - Zs\  < 1) 

As  seen,  SRI  terminates  when  a new  lower  bound  is  found  that  is  within  1 unit  away 
from  the  incumbent  lower  bound.  A slight  modification  of  SRI  is  to  replace  lines  [3] 
and  [11]  by 
[3]'  Let 


respectively.  We  refer  to  this  modification  as  SR2.  Generating  multipliers  by  SR2, 
we  reflect  the  intuition  that  the  maximum  manpower  requirement  is  very  likely  to 
be  attained  during  one  of  the  production  cycles  k = because  during  these 


we  determine  the  schedule  of  two  consecutive  stations  j,  j + 1 this  partial  schedule 


for  k=m,. . . ,n; 
otherwise. 


[11]'  Let 


cycles  all  stations  are  busy;  in  contrast  to  all  other  cycles  that  utilize  m — 1 or  fewer 
stations.  This  observation  is  certainly  valid  when  the  Mif  s appear  to  take  on  random 
values  from  a medium  size  interval  [/,«]. 


Having  generated  the  heuristics  SRI  and  SR2  that  produce  both  lower  and  upper 
bounds  we  turn  our  attention  to  discovering  other  fast  heuristics  which  have  the 
potential  to  perform  better.  The  difficulty  of  mSAL  lies  in  the  observation  that  once 
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determines  the  schedule  of  all  m stations.  For  example  consider  a 4-station  assembly 
line  and  suppose  that  stations  ST\,  ST2  have  being  scheduled.  If  M,-f 2 is  assigned  to 
ST2  for  period  k,  then  M,, 3 must  be  assigned  to  5T3  at  period  k + 1 and  M,j4  must 
be  assigned  to  ST4  at  period  k + 2.  This  fact  indicates  that  a local  decision  (such 
as  scheduling  2 consecutive  stations)  determines  the  manpower  value  of  a heuristic. 
However,  since  a local  decision  does  not  account  for  all  the  stations  this  value  is  likely 
to  be  very  bad.  Consider  for  instance  the  following  greedy  heuristic  which  is  of  the 
same  nature  to  the  ones  used  successfully  for  scheduling  multiple  machines  in  Cheng 
and  Sin  (1990),  and  crew  scheduling  problems  in  Coffman  and  Yannakakis  (1984), 
and  in  Hsu  (1984),  etc. 

Heuristic  H\ 


Input  : Mij  i = 1, 2, . . . , n,  j = 1, 2, . . . , m 

Output:  Upper  bound  UB  on  the  optimal  manpower  level 


UB  :=0 

Place  jobs  in  J in  a list  L at  random 
fori  :=  1 to  n do  begin 

Assign  the  job  j at  the  top  of  L to  position  [i]  that  results  to  minimum 
increase  to  the  current  manpower  requirements  over  any  cycle; 
in  case  that  several  such  positions  exist,  choose  the  one  with  smallest  index 
Remove  j from  L 

Let  S be  the  resulting  partial  sequence 
if  (M(S)  > UB)  then  UB  :=  M{S) 
endfor 

To  illustrate  H\  we  apply  it  on  the  problem  given  at  Table  6.2.  Let  L be  the  list 
{ Ji,  J2,  J3,  J4}.  H\  puts  J\  at  position  [1].  Then  J2  is  put  at  position  [2]  because  this 
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Table  6.2.  An  example  for  the  insertion  Heuristic  H\ 


Job 

Man 

power 

Req’s 

M,i 

m,-2 

M,3 

Ji 

5 

2 

3 

h 

1 

4 

7 

h 

6 

8 

4 

Ja 

2 

1 

3 

is  the  smallest  index  position  that  minimizes  the  current  maximum  manpower  level. 
J3  is  then  scheduled  at  position  [4]  where  the  current  manpower  requirement  equals 
13  (while  if  J3  was  scheduled  at  position  [3]  the  current  manpower  requirement  would 
equal  15).  Finally,  J4  goes  to  position  [3].  The  final  schedule  S looks  like: 

[1]  5 2 3 «-  Ji 

[2]  14  7 4-  J2 

[3]  2 13  «-  J4 

[4]  6 8 4 <—  J3 

Note  that  M(S)  = 14  and  is  attained  during  cycle  4.  We  will  demonstrate  however 
that  Hi  can  have  very  bad  performance  in  the  worst  case. 

Theorem  15  Mfj1  < mM*  and  the  bound  is  tight. 

Proof.  For  a given  number  of  stations  m,  consider  the  instance,  parameterized  by  M, 
that  contains  m jobs  with  manpower  requirements  (M,  M, . . . , M)  and  (m  — l)2  jobs 
with  manpower  requirements  (0,0,...,  0). 

An  optimal  solution  for  this  instance  is  the  sequence  which  has  a (M,  M, . . . , M) 
job  at  positions  1,  m + 1, 2m  + 1, . . . , m2  — m -f  1 and  a (0, 0, . . . , 0)  job  at  all  other 
positions.  One  can  check  that  for  this  schedule  every  period  requires  M workers  and 
hence  M*  = M . 

Suppose  that  the  job  set  is  placed  top  to  bottom  in  L in  the  following  order. 
The  top  (m  — l)2  elements  of  L are  (0,0,..., 0)  jobs  and  the  bottom  m elements 
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are  (M,  M, ... , M)  jobs.  When  H\  is  applied  on  L,  the  top  job  goes  to  position  1, 
the  next  job  to  position  2,  and  so  on.  The  resulting  sequence  is  (m  — l)2  jobs  with 
requirements  (0, 0, ... , 0),  followed  by  the  m jobs  with  requirements  (M,  M, . . . , M ) 
and  hence  Mu  = mM  = mM*  which  proves  that  the  bound  mM*  is  tight.  □ 

Apart  from  these  negative  results  we  can  use  0-2SAL  to  reduce  the  bound  mM* 
to  (m  — 1 )M* . The  heuristic  H2  utilizes  0-2SAL  as  a subroutine. 

Heuristic  H2 


Input  : Mij  i = 1 , 2, . . . , n,  j = 1 , 2, . . . , m 

Output:  Upper  bound  UB  on  the  optimal  manpower  level 


UB  :=  -f-oo 

for  st  :=  1 to  m — 1 do  begin 

Apply  0-2SAL  on  stations  st,  st  -f  1 
Let  Sst  be  the  resulting  sequence 
if  ( M(Sat ) < U B)  then  UB  :=  M(Sst)  and  save  Sst 
endfor 

Suppose  that  the  sequence  S obtained  by  H2  is  S = S„t.  Then  the  manpower  require- 
ment for  ST,t,  ST3t+ 1 is  at  most  A/*,  by  Theorem  12.  An  argument  similar  to  Theorem 
14  shows  that  the  manpower  required  by  all  other  stations  (except  STst,  STst+i)  does 
not  exceed  (m  — 2)M*.  Hence,  M(S ) < M*  + (m  — 2 )M*  = (m  — 1 )M*.  The  next 
theorem  summarizes  this  result  which  shows  that  the  error  bound  has  been  improved 
by  M*. 

Theorem  16  Mu2  < (m  — l)M*. 

The  following  example  shows  that  the  error  bound  is  tight  for  m = 3. 

Example  4:  Consider  an  instance,  parameterized  by  M , consisting  of  n jobs  (0,  M,  0), 
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n jobs  (0,0, A/)  and  n jobs  (A/,0,0).  An  optimal  sequence  for  this  instance  is 
the  one  where  positions  1, 4,  7, . . . , 3n  — 2 are  occupied  by  jobs  (0,A/,  0),  positions 
2, 5, 8, . . . , 3n  — 1 are  occupied  by  jobs  (0, 0,  M)  and  positions  3, 6, 9, . . . , 3n  are  oc- 
cupied by  jobs  (A/,0,0).  By  means  of  this  sequence  we  conclude  that  M * = M. 

The  sequence  S\  obtained  by  H2  is  the  one  where  the  first  n jobs  are  (0,Af,  0), 
the  next  n jobs  are  (A/,0,0)  and  the  last  n jobs  are  (0,0,  M).  It  so  happens  that 
S2  = Si  for  this  particular  instance.  We  observe  that  Af(S'i)  = M(S2)  = A/  while 
the  sequence  S = Si  = S2  results  to  M(S)  = 2M  — (m  — 1)A/*.  Hence  the  bound 
(m  — 1)A/*  is  tight.  □ 

Another  heuristic  based  on  0-2SAL,  is  a simulation  of  the  CDS  heuristic  of  Camp- 
bell et  al.  (1970)  for  the  m-machine  flowshop  problem.  We  refer  to  this  heuristic  as 

H3. 

Heuristic  H3 

Input  : Mij  i = 1, 2, . . . , n,  j = 1, 2, . . . , m 

Output:  Upper  bound  U B on  the  optimal  manpower  level 


U B +00 

for  k:=l  to  m — 1 do  begin 

Let  M'ix  :=  1 * :=  1,  • • • , « 

Let  A/i2  Yhj=m-k+\  Mij  i :=  1,  • • • , n 

Apply  0-2SAL  with  respect  to  (A/'j,  A/'2)  i :=  1, . . . ,n 
Let  S be  the  resulting  sequence 
If(M{S)  < UB)  then  UB  :=  M(S) 
endfor 


The  heuristics  i/2 , H3  utilize  0-2SAL  to  produce  a sequence  which  is  optimal  for 
two  stations  and  then  apply  this  sequence  for  the  m-station  problem.  However,  this 
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approach  is  myopic  since  it  considers  only  two  stations  at  a time.  An  alternative 
approach  is  to  produce  sequences  that  are  suboptimal  for  two  stations  but  have  good 
performance  for  the  m-station  problem.  To  do  this  systematically,  we  do  as  follows: 
Given  two  consecutive  stations  of  the  assembly  line,  say  st  1,  stl  -f  1,  with  manpower 
requirements  Mr  j,  Mr2,  r = 1,2, ...  ,n  respectively,  we  order  the  entries  Mr  j,  Mr2, 
as  in  the  bipartite  graph  B of  Section  3.  Let  \<i<j<n  + l,be  indices  such  that 
Mi+ 1 ! > A/t2  and  Mj+U  < Mj2  in  this  ordering.  Then,  the  multiplier  pij  indicates 
the  value  that  equalizes  the  difference  (M,-2  — Mj2)  and  — M,-+ 14)  of  manpower 

levels,  i.e.  ptJ(Mt2  - Mj2)  = (1  - Hij){Mj+ M - M,+ 1,1)  and  is  given  by: 

Mj+ 1,1  ~ Mj+ 1,1 

^ 13  (M, ;2  — Afi+i,i)  — (Mj2  — MJ+1)i) 

If  0 < /i,j  < 1,  we  multiply  the  entries  Mr\  by  fiij  and  all  entries  Mr2  by  1 — pq,  for 
r = 1,2, ...  ,n.  Then  we  apply  0-2SAL  for  this  modified  2-station  problem  and  the 
resulting  sequence  is  evaluated  for  the  m -station  problem. 

Intuitively,  this  approach  manipulates  the  values  Ml2, . . . , Mj2  and  M,-+ iq, . . . , 
Mj+ 1,2  so  that  the  assignments  made  at  step  1 of  0-2SAL  when  applied  for  the 
modified  problem,  are  different  to  those  made  when  applied  to  the  original  problem. 
Since  the  multiplier  fiij  equalizes  the  differences  ( M{2  — Mj2 ) and  (Mj+ij  — the 

optimal  sequence  for  the  modified  problem,  say  Sm , is  very  likely  to  be  near  optimal 
for  the  original  2-station  problem.  Our  last  heuristic  H\  exploits  the  possibility  that 
a minor  loss  due  to  suboptimality  of  Sm  for  the  2-station  problem,  is  offset  by  the 
gains  of  Sm  when  applied  to  the  ??r-station  problem.  Indeed,  as  we  show  empirically 
in  the  next  section,  the  performance  of  H4  dominates  all  the  heuristics  developed  so 
far.  The  following  procedure  outlines  the  heuristic. 

Heuristic  H4 

Input  : Mij  i — 1, 2, . . . , n,  j = 1, 2, . . . , m 

Output:  Upper  bound  UB  on  the  optimal  manpower  level 
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U B +oo 

for  st  1 :=  1 to  m — 1 do  begin 

for  any  two  production  cycles  k,  /,  1 < k < l < n — 1,  do  begin 
ifMk,stl+1  < Mk+hati  and  MiMi+i  > Mi+hatl  then  begin 

compute  uki  — jjj Aft+i,»n  % — - 

if  0 < /xw  < 1 t/ien  begin 


Apply  0-2SAL  with  respect  to  Mf  = M/2  = (1  — /ffc;)M,iSn+i 

Let  iSfc/  be  the  resulting  sequence 
if  M(Ski)  <UB  then  set  UB  M(Ski)  and  save  Ski 
endif 
endif 
endfor 
endfor 


In  the  next  section  we  perform  computational  experiments  with  all  the  heuristics 
developed  in  this  section.  It  will  be  seen  that  although  the  worst  case  behavior  of 
Hi,  H-2,  H3,  H\  may  be  bad  for  assembly  lines  with  many  stations,  some  of  these 
heuristics  have  very  good  average  performance. 

6.6  Computational  Results 

We  test  the  various  heuristics  on  random  problems  of  size  m = 3,6,9,12  and 
n = 10,15,20.  For  each  combination  (?n,n),  the  entries  M,j  assume  random  values 
taken  from  the  discrete  uniform  distribution  on  the  interval  [10, 20],  which  is  a realistic 
range  for  many  applications.  For  each  combination,  we  run  10  problems  on  a PC 
compatible  running  at  66  MHz. 

We  report  the  performance  of  Hi,  H2,  i/3,  iii  when  20 PT  is  applied  to  all 
the  sequences  produced  by  the  heuristics.  In  all  cases,  the  performance  of  the  best 
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Table  6.3.  Relative  gap  of  SRI,  SR2,  Hi,  H2,  H3,  H4  when  MtJ  £ [10,20]. 


Relative  Gap  = 

HSZE 

I.  R 

— 100%  where  LB  = max 

{ LBsRi’LBSR2 } 

m 

n 

SRI 

SR2 

Hi 

H2 

h3 

Hi 

Mean 

Max 

Mean 

Max 

Mean 

Max 

Mean 

Max 

Mean 

Max 

Mean 

Max 

10 

15.3 

23.5 

12.7 

17.2 

8.2 

10.0 

7.2 

10.0 

9.7 

12.5 

6.7 

10.2 

3 

15 

18.3 

31.3 

12.0 

14.7 

14.8 

19.0 

10.6 

13.9 

9.2 

11.9 

6.9 

9.5 

20 

16.5 

25.8 

14.4 

21.9 

13.1 

17.7 

10.4 

11.9 

11.3 

15.5 

6.8 

9.5 

10 

17.1 

21.8 

10.8 

17.5 

7.9 

11.2 

5.9 

8.7 

7.1 

15.0 

4.4 

6.2 

6 

15 

13.3 

15.7 

7.5 

8.8 

8.8 

12.2 

7.9 

12.2 

7.9 

10.9 

6.4 

8.3 

20 

16.7 

23.1 

11.5 

17.7 

10.4 

14.6 

8.0 

9.6 

8.7 

11.4 

6.6 

7.3 

10 

30.6 

53.0 

15.3 

37.9 

10.0 

12.9 

6.9 

10.1 

8.4 

11.1 

6.4 

9.2 

9 

15 

18.7 

20.9 

8.6 

10.2 

9.2 

13.4 

7.0 

7.5 

9.5 

13.1 

4.7 

5.8 

20 

17.0 

24.0 

11.6 

22.3 

8.5 

10.3 

7.9 

9.0 

7.4 

9.8 

5.9 

6.3 

10 

26.1 

40.4 

9.5 

23.0 

8.1 

10.2 

6.3 

7.7 

6.1 

12.6 

4.5 

5.9 

12 

15 

24.9 

34.7 

11.0 

19.0 

8.2 

11.4 

6.7 

7.4 

6.6 

9.4 

4.9 

6.0 

20 

20.2 

25.7 

10.3 

15.6 

7.8 

10.1 

6.9 

8.5 

7.2 

13.2 

5.2 

6.1 

generated  sequence  is  reported.  Recall  that  Hi  produces  only  1 sequence,  H2,  H3 
produce  m — 1 sequences  each,  and  H4  produces  an  unpredictable  number  of  sequences. 
Also,  we  report  the  performance  of  the  heuristics  SRI  and  SR2.  Since  both  of  these 
heuristics  produce  lower  and  upper  bounds,  the  performance  of  SR\  is  measured  by 
the  gap  ^ where  U Bsm  is  the  lowest  upper  bound  of  all  sequences  produced 
by  SRI  and  LBsm  is  the  greatest  lower  bound  of  all  iterations  of  SRI.  Similar 
results  are  reported  for  SR2.  All  other  heuristics  were  compared  against  LB 
max{LBsm,  LBSR2} ■ The  mean  and  maximum  (over  10  test  problems)  relative  gap 
UBtfB  is  reported  for  the  heuristics  Hi,  H2,  H3,  H4.  These  results  are  presented  in 
Table  6.3  and  we  summarize  them  next. 

1)  SR2  produces  tight  lower  bounds. 

Both  SRI,  SR2,  converge  in  2 or  3 iterations  to  a lower  bound  that  is  within  1 unit 
from  the  incumbent  lower  bound,  and  therefore  their  computational  requirements  are 
minor  (see  Table  6.4).  SR2  produces  better  lower  bounds  for  our  test  generator, 
but  SRI  tends  to  produce  better  upper  bounds  than  SR2.  However,  none  of  these 
two  heuristics  produces  good  upper  bounds.  Specifically,  the  relative  gap  ranges  in 
15-50%  for  SRI  and  8-38%  for  SR2. 
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2)  H4  outperforms  all  other  heuristics. 

The  heuristic  Hi  has  a relative  gap  7-15%.  Recall  that  Hi  produces  only  one 
sequence,  and  as  expected  has  negligible  requirements  in  computing  time  (see  Table 
6.4).  Now  we  compare  H2  with  //3  since  both  produce  m — 1 sequences.  H2  gives 
slightly  better  solutions  than  i/3,  ranging  6-11%.  The  time  requirements  of  H2,  H3, 
never  exceed  9 seconds  of  execution  time,  which  adds  to  their  appeal.  We  conclude 
that  among  the  heuristics  Hi,  H2,  H3  that  have  negligible  time  requirements,  H2  has 
the  best  average  performance.  However,  none  of  these  two  heuristics  is  robust,  in  the 
sense  that  the  maximum  relative  gap  can  be  up  to  14%  for  H2  and  15.5%  for  H3. 

The  clear  winner  however,  of  all  proposed  algorithms,  is  H4.  The  relative  gap 
for  this  heuristic  ranges  in  4-7%  while  the  maximum  relative  gap  is  no  more  than 
10.2%.  This  means  that  the  heuristic  is  robust  and  therefore  very  reliable  in  giving 
near  optimal  solutions. 

3)  All  heuristics  have  negligible  to  minor  time  requirements. 

As  we  see  in  Table  6.4,  II j,  H2  and  H3  have  negligible  time  requirements.  The 
heuristic  H4  however,  generates  many  more  sequences  than  the  others,  but  still  only  a 
tiny  portion  of  the  n!  possible  sequences.  For  = 20  and  m = 12,  which  is  considered 
to  be  a large  problem  size,  H4  generates  only  760  sequences  on  the  average,  and 
requires  about  5 minutes  of  PC  execution  time. 

4)  Problem  difficulty  decreases  with  the  ratio  . 

In  Section  6.4  we  showed  that  for  every  sequence  S we  have  that 

M (S)  ma X{j  Mij 

M * ~ min,j  A7tJ 

This  is  an  indication  that  problem  difficulty  is  proportional  to  the  ratio  . To 

exploit  the  validity  of  this  assertion  we  compute  in  Table  6.5  the  average  relative  gap 
for  all  heuristics  when  M )j  takes  on  values  uniformly  from  the  interval  [20, 35].  In  this 
case  = 1-75  versus  a value  of  2.0  in  Table  6.3  where  Mij  € [10,20].  Although 
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Table  6.4.  Time  requirements  of  Heuristics,  in  seconds. 


m 

n 

SR\ 

SR2 

Rx 

#2 

h3 

# seq’s 

ha 

10 

0.05 

0.06 

0.02 

0.00 

0.04 

28.0 

0.34 

3 

15 

0.12 

0.18 

0.05 

0.08 

0.07 

71.0 

2.66 

20 

0.27 

0.44 

0.11 

0.17 

0.20 

129.2 

13.18 

10 

0.06 

0.11 

0.02 

0.14 

0.12 

73.0 

1.85 

6 

15 

0.20 

0.32 

0.08 

0.42 

0.38 

173.0 

15.53 

20 

0.47 

0.70 

0.23 

0.90 

0.82 

336.2 

65.87 

10 

0.06 

0.12 

0.01 

0.26 

0.23 

113.0 

3.80 

9 

15 

0.22 

0.37 

0.13 

0.87 

0.85 

294.8 

36.16 

20 

0.54 

0.87 

0.30 

2.46 

1.77 

539.0 

165.55 

10 

0.18 

0.06 

0.03 

0.55 

0.23 

162.7 

7.23 

12 

15 

0.37 

0.54 

0.19 

1.87 

1.46 

398.0 

65.74 

20 

0.85 

1.55 

0.44 

3.52 

3.13 

760.0 

321.46 

the  difference  of  the  two  ratios  is  small,  the  relative  gaps  reported  in  Table  6.5  are 
significantly  smaller  than  the  corresponding  gaps  of  Table  6.3.  This  observation  shows 
that  it  is  easier  to  discover  good  heuristic  solutions  when  the  variability  of  the  M,-j 
values  is  small. 

To  better  evaluate  our  heuristics  we  compare  the  lower  and  upper  bounds  devel- 
oped so  far  with  the  optimal  solution  to  formulation  (P)  presented  in  Section  6.5. 
For  each  (n,m)  combination  presented  in  Table  6.6  we  generated  10  problems  with 
Mij  uniformly  distributed  in  [10,20].  To  solve  these  problems  we  used  the  AMPL 
interface  (see  Fourer  et  al. , 1993)  and  the  CPLEX  solver.  We  performed  the  experi- 
ment on  a PC  compatible  running  at  66  MHz.  The  execution  time  allowed  for  each  of 
the  problems  tested  was  1 hour.  Problem  sizes  that  were  larger  than  those  reported 
in  Table  6.6  required  significantly  more  time  thus  making  their  testing  prohibitive. 
We  report  the  average  deviation  of  the  lower  bound  LB  (i.e.  the  maximum  of  the 
lower  bounds  obtained  by  SRI,  SR2)  from  the  optimal  solution  as  well  as  the  average 
deviation  of  the  heuristic  solutions  obtained  by  H i,  H2,  H 3,  H-i  from  the  optimal. 
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Table  6.5.  Relative  gap  of  S Rl,  SR‘2,  Hi,  H2,  H3,  H4  when  Mij  € [20,35]. 


Relative  Gap  = 

T1EF 

LR 

— 100%  where  LB  = max 

{LBsri,LBSr2} 

m 

n 

SRI 

Mean  Max 

SR2 

Mean  Max 

Hi 

Mean 

Max 

Hi 

Mean 

Max 

H3 

Mean 

Max 

H, 

Mean 

Max 

10 

6.8 

9.7 

11.4 

15.6 

8.1 

14.0 

5.1 

7.2 

5.6 

10.1 

4.4 

5.2 

3 

15 

9.7 

13.1 

12.3 

18.3 

10.3 

15.2 

6.8 

10.5 

7.2 

10.1 

5.4 

8.7 

20 

8.3 

10.4 

11.2 

13.9 

8.6 

11.6 

6.7 

8.9 

8.1 

10.1 

6.0 

8.9 

10 

5.6 

18.2 

16.4 

30.0 

6.8 

10.1 

4.0 

5.6 

3.8 

5.50 

2.9 

5.4 

6 

15 

6.7 

8.0 

12.4 

14.6 

7.4 

11.4 

5.3 

6.2 

4.9 

7.2 

4.5 

5.4 

20 

8.1 

15.3 

12.2 

21.8 

8.1 

13.2 

5.8 

7.0 

6.3 

8.7 

4.8 

6.1 

10 

7.8 

16.7 

29.8 

43.7 

3.8 

6.9 

2.6 

4.4 

3.1 

5.0 

2.1 

3.2 

9 

15 

7.2 

13.3 

17.7 

19.4 

5.6 

8.2 

4.2 

4.7 

4.3 

4.7 

3.1 

3.5 

20 

9.0 

15.4 

15.8 

20.5 

6.8 

8.3 

5.4 

5.8 

6.1 

7.7 

4.5 

4.7 

10 

8.4 

13.2 

30.1 

41.2 

3.1 

5.2 

2.1 

4.7 

2.8 

4.4 

1.9 

2.8 

12 

15 

7.5 

14.8 

27.0 

35.2 

5.7 

9.3 

3.9 

5.2 

3.8 

5.0 

3.2 

3.9 

20 

5.7 

6.6 

17.8 

19.0 

6.5 

8.0 

4.5 

4.9 

4.2 

4.9 

3.5 

3.9 

Table  6.6.  Relative  deviation  of  LB,  H\,  H2,  H3,  H4  from  optimal  solution. 


^100% 

UBlh~M1ioo% 

m n 

LB:=ma,x{LBSRi,  LBsfu} 

Hi 

h2 

H3 

h4 

6 

3.28 

1.86 

0.97 

2.29 

0.93 

3 9 

1.76 

7.55 

4.02 

3.46 

1.76 

12 

4.32 

6.12 

3.32 

5.53 

0.59 

6 

4.34 

4.02 

2.84 

2.65 

1.20 

6 9 

3.57 

5.96 

1.21 

1.82 

0.60 

12 

5.28 

2.87 

1.14 

4.59 

0.57 

6 

3.03 

2.83 

1.12 

1.33 

0.49 

9 9 

2.91 

5.02 

0.93 

1.00 

0.51 

12 

4.35 

4.09 

1.09 

0.82 

0.54 

Average 

3.64 

4.48 

1.84 

2.61 

0.79 
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Table  6.6  suggests  that  the  relative  gaps  reported  in  Tables  6.3  and  6.5  are  mostly 
attributed  to  the  deviation  of  LB  from  the  optimal  solution  M*.  This  is  very  rea- 
sonable if  we  recall  that  in  our  surrogate  relaxation  approach  mSAL  is  reduced  to  an 
assignment  problem  which  does  not  take  into  account  the  structure  of  the  problem; 
it  only  considers  the  values  Mxj . Since  the  relative  gaps  reported  in  Tables  6.3  and 
6.5  are  relatively  small  and  largely  attributed  to  the  deviation  of  LB  from  M*,  some 
of  the  heuristic  solutions  are  near  optimal.  This  is  also  demonstrated  in  Table  6.6 
where  the  heuristics  //2 , #3,  H4  deviate  from  optimality  an  average  of  1.84%,  2.61%, 
0.79%  respectively.  The  success  of  the  heuristics  is  intuitively  justified  from  the  fact 
that  the  sequences  produced  by  each  of  //2,  H3,  H4  are  selected  so  that  a pair  of 
adjacent  stations  is  scheduled  optimally  (or  near  optimally  in  the  case  of  H4). 

In  light  of  the  near  optimal  performance  of  the  heuristics  H2,  H3 , H4  and  their 
negligible  computational  requirements,  we  feel  confident  to  suggest  our  heuristics  as 
an  efficient  and  effective  tool  for  solving  the  mSAL  problem,  especially  for  large  size 
problems.  In  the  next  section  we  consider  multicriteria  problems  on  assembly  lines. 

6.7  Extensions 

Having  developed  several  good  heuristics  for  mSAL  we  can  explore  the  trade- 
off between  a trial  value  of  c and  the  corresponding  manpower  level  M*.  This  is 
especially  useful  in  the  design  of  a transfer  line  where  we  would  like  to  see  graphically 
several  (c,  M*)  points  before  we  make  decisions.  The  designer  of  an  assembly  line 
often  wants  to  reduce  the  production  cycle  by  increasing  the  number  of  workers  in 
the  line.  Usually  the  number  of  additional  workers  is  estimated  in  proportion  to  the 
desired  improvement  of  cycle  time.  For  example,  if  the  cycle  time  is  10  and  one  wants 
to  reduce  it  to  5,  the  original  level  of  M * — 100  is  doubled  to  200.  This  approach, 
although  reasonable,  might  use  many  more  workers  than  needed  in  which  case  the 
management  absorbs  unnecessary  costs.  As  we  will  show,  a more  accurate  approach 
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is  to  implement  any  of  the  heuristics  that  we  developed  and  provide  the  manager  with 
the  trade-off  curve  of  the  length  of  the  cycle  c and  the  corresponding  manpower  level 
M*.  We  illustrate  this  idea  for  the  case  m = 2,  using  0-2SAL.  Similar  results  can 
be  obtained  for  m > 2,  by  applying  any  of  the  heuristics  presented  in  the  previous 
section,  in  place  of  0-2SAL. 

Consider  a 3-job  example  with  processing  time  requirements  (54, 35),  (52, 63), 

(45, 58)  where  the  first  component  of  each  pair  represents  the  total  man-hours  required 
to  complete  the  subassembly  in  the  first  station.  Similarly  for  the  second  component 
of  each  pair.  We  want  to  find  M*  for  the  values  c = 6,  7, 8, 9, 10.  Although  the  number 
of  workers  able  to  work  in  some  station  may  be  limited  by  design  specific  factors,  let 
us  assume  for  the  sake  of  exposition  that  Mij  = \ where  p,j  denotes  the  man-hours 

required  by  job  Jt  at  station  STj.  Then,  the  manpower  requirements  of  the  3 jobs  for 
c = 10  are  (6, 4),  (6,  7),  (5, 6).  Similarly  we  can  find  the  manpower  requirements  for  all 
jobs.  The  solution  obtained  by  0-2SAL  for  this  instance  is6  — 7---5  — 6---6  — 4 and 
M*0  = 12.  The  manpower  level  for  the  various  values  of  c under  the  assumption  that 
Mij  = [^"l  are  given  in  Table  6.7.  From  these  results,  one  can  see  that  a workforce 

Table  6.7.  Cycle  length  versus  manpower  level 


c 

6 

7 

8 

9 

10 

M* 

19 

16 

14 

12 

12 

of  12  workers  is  able  to  process  the  jobs  in  a cycle  of  9 periods  and  therefore  the 
cycle  c = 10  is  superfluous.  This  means  that  when  c = 10,  although  12  workers  are 
necessary  in  a particular  cycle,  some  of  them  stay  idle  during  other  cycles.  The  same 
12  workers  can  execute  the  3 jobs  in  9 periods  in  which  case  some  of  the  workers’  idle 
time  is  eliminated.  Also  we  can  see  that  an  increase  of  the  workforce  by  7 units  can 
reduce  the  production  cycle  time  from  10  units  to  6. 
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An  implicit  assumption  in  this  chapter  is  that  all  workers  are  trained  to  work 
in  all  stations.  When  the  level  of  specialization  is  low,  as  is  usually  the  case  for 
assembly  operations,  this  assumption  is  valid.  In  case  that  there  are  many  levels  of 
worker  specialization,  Ebeling  and  Lee  (1993)  have  discussed  the  effectiveness  of  cross- 
training. Also,  Yano  and  Rachamadugu  (1991)  discuss  the  practice  of  alleviating  work 
overload  by  dispatching  utility  workers  to  the  point  of  the  overload.  Utility  workers 
are  employees  with  a broad  base  of  cross-training  who  are  capable  of  assisting  on 
multiple  tasks  along  the  assembly  line.  Although  the  problem  of  crosstraining  can  be 
very  difficult  depending  on  the  relevant  costs,  we  can  use  the  algorithms  presented 
for  the  mSAL  model  to  find  an  upper  bound  on  the  number  of  utility  workers. 

Consider  an  instance  of  mSAL  with  requirements  (Mu,  M,2, . . . , M,m)  for  i 
1,2, ...  ,n.  Then,  in  every  production  cycle,  station  j requires  at  least  Aj  :=  min^  M,-j 
workers.  If  we  specialize  Aj  j : 1,2, . . . ,m  workers  for  station  STj  only,  it  remains 
to  find  the  minimum  number  of  utility  workers  (i.e.  workers  that  are  trained  for  all 
stations)  for  the  reduced  problem  that  has  manpower  requirements  (Mu  — A\,M,2  — 
A2, . . . , Mim  — Am)  for  i :=  1,2,...,  n.  By  construction,  an  optimal  sequence  for  the 
reduced  problem,  induces  an  optimal  sequence  for  the  original  problem  (where  all 
workers  are  able  to  work  in  all  stations)  and  vice  versa. 

This  approach  divides  the  workforce  into  two  categories;  namely  workers  that  are 
trained  for  one  station  only  and  workers  that  are  trained  for  all  stations.  This  policy 
may  be  realistic  in  applications  where  the  requirements  of  the  different  jobs  are  about 
the  same  for  each  station. 


6.8  Conclusion 


In  this  research  we  addressed  the  manpower  planning  problem  in  transfer  lines. 
Our  problem  is  inspired  by  a real  problem  in  industry  and  we  indicated  several  other 
sectors  that  share  similar  concerns.  We  developed  an  optimal  algorithm  for  the  case  of 
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two  stations  (cells)  and  several  heuristics  that  produce  near  optimal  solutions  for  the 
general  problem.  We  showed  how  these  tools  can  be  used  by  a manager  to  determine 
his  production  cycle  for  a given  workforce  level,  or  the  number  of  specialized  and 
utility  workers.  In  our  future  research  we  will  include  cross-training  constraints  to 
our  model,  to  address  the  group  of  manufacturers  where  job  specialization  or  machine 
flexibility  is  limited. 


CHAPTER  7 


FUTURE  RESEARCH 

There  is  a sentiment  on  the  part  of  managers  that  the  design  of  a manufacturing 
process  is  based  on  each  individual’s  experience.  As  a result  there  is  not  much  com- 
munication between  managers  and  researchers  regarding  process  design.  The  main 
reason  is  that  the  trade-offs  between  flexibility  and  performance  of  flexible  designs 
has  not  received  significant  attention  prior  to  this  thesis.  In  this  thesis  we  developed 
a framework  according  to  which  we  compare  various  designs  on  a scientific  basis. 

We  use  our  framework  to  come  up  with  management  technology  as  well  as  man- 
agerial guidelines  that  will  allow  us  to  advance  process  choice  decisions  to  a science 
rather  than  an  empirical  way  of  making  decisions.  We  studied  several  flowshop  en- 
vironments. The  basic  characteristic  according  to  which  we  categorized  the  various 
designs,  is  the  mode  of  flexibility  featured  by  each  design.  We  considered  processing 
as  well  as  routing  flexibility. 

Other  modes  and  production  environments  can  be  identified  and  studied  in  detail. 
The  first  environment  to  come  in  mind  is  that  of  a jobshop  where  different  machines 
may  possess  different  characteristics.  Our  framework  can  also  be  used  on  assembly 
lines  as  we  demonstrate  in  this  thesis  where  we  compare  the  mixed  model  transfer 
line  with  the  mixed  model  assembly  line. 

For  every  study  undertaken  in  the  field  of  process  choice  decisions  the  ultimate 
objective  is  twofold.  First  to  develop  better  algorithms  than  the  existing  ones  for 
managing  the  underline  production  systems  and  second  to  categorize  the  production 

environments  that  favor  one  design  over  another.  We  are  particularly  interested  in 
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developing  rules  of  thumb  such  as:  ’’two  parallel  identical  machines  should  be  used 
instead  of  a flexible  flowshop,  unless  2%  improvement  in  the  throughput  rate  out- 
performs the  additional  equipment  and  scheduling  costs  attributed  to  the  flexible 
flowshop”.  As  we  saw  in  Chapter  4,  the  two  parallel  identical  machine  environment 
(2P)  is  only  2%  inferior  to  a flexible  flowshop  (2FFS).  However,  the  2P  enjoys  a sim- 
pler routing  control  structure  and  scheduling  compared  to  that  of  2FFS. 

As  it  became  apparent  in  Chapter  6,  such  studies  may  reveal  exciting  new  con- 
clusions as  the  concept  of  design  for  schedulability  and  the  correspondence  of  the 
hardware  and  software  aspects  of  computer  systems  with  the  flexibility  and  schedu- 
lability aspects  of  production  systems.  In  addition,  our  efforts  for  identifying  the 
important  characteristics  that  distinguish  one  design  from  another,  will  help  us  to 
design  new  hybrid  systems  that  better  serve  our  production  needs.  This  is  the  case 
in  the  mixed  model  transfer  line  where  the  issue  of  manpower  control  is  directly 
addressed,  thus  leading  to  an  assembly  line  that  controls  workforce  tightly.  More  as- 
sembly systems  can  be  studied  starting  with  an  assembly  line  appropriate  for  models 
of  high  variability;  in  that  case  the  various  stations  could  have  different  production 
cycles. 

It  is  our  wish  that  the  research  community  will  recognize  the  need  for  managerial 
guidelines  regarding  process  choice  decisions.  Only  then  flexible  manufacturing  will 
assume  a scientific  rather  than  empirical  stature. 
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